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ABSTRACT 


In  this  report,  several  methods  for  producing  nickel  oxide  films 
for  use  in  optical  experiments  are  discussed  including  an  indication 
of  the  significant  problems  encountered  with  each  method.  Electron 
reflection  diffraction  measurements  indicate  that  films  grown  by 
electron  beam  evaporation  of  nickel  in  an  oxygen  atmosphere  and  by 
reactive  sputtering  on  CaF2  and  LiF  have  at  least  some  degree  of 
crystalline  order.  Transmission  spectra  between  2000  angstroms  and 
6000  angstroms  are  presented  for  films  grown  by  both  electron  beam 
evaporation  and  reactive  sputtering.  The  spectra  appear  to  be  con¬ 
sistent  with  one  another  as  well  as  with  the  spectra  of  epitaxial 
NiO  films  grown  on  MgO  by  vapor  deposition.  The  spectra  are,  however, 
at  least  in  some  cases,  distorted  by  color  centers  introduced  in  the 
substrate  during  film  deposition.  Two  films  have  been  used  to 
provide  information  on  the  shift  of  the  NiO  absorption  edge  with 
temperature,  the  results  being  2.910”*^  eV/®C  and  -4.2-10'‘^  eV/®C 
respectively.  A  Kramers  Kronig  analysis  of  the  reflectivity  of 
bulk  NiO  has  been  made  and  shows  that  the  absorption  of  the  films  is 
consistent  with  the  absorption  constant  derived  from  the  reflec¬ 
tivity  data. 


BLANK  PAGE 


Chapter  One 
INTRODUCTION 

A.  Incentive  for  NiO  Film  Research 

Many  recent  papers  have  indicated  that  the  optical  properties 

of  thin  epitaxial  films  of  semiconducting  materials  are  the  same 

as  those  of  bulk  samples.  This  allows  the  use  of  film  transmission 

to  study  the  optical  properties  in  the  region  above  the  fundamental 

absorption  edge  where  reliable  information  was  previously  available 

only  from  reflectivity  measurements.  A  number  of  workers,  for  example, 

have  reported  the  use  of  Ge,  PbS,  PbSe,  PbTe,  and  Cd-HgTe  films  to 

obtain  reliable  optical  data  in  the  transparent  and  highly  absorbing 
1-10 

regions . 

The  present  work  was  initiated  by  the  desire  to  extend  the  tech¬ 
nique  of  epitaxial  thin  film  growth  to  the  transition  metal  oxides, 

NiO  being  the  obvious  first  step.  Since  the  ultimate  goal  was  to 
investigate  the  optical  behavior  of  the  materials  in  the  visible  and 
ultraviolet  at  energies  where  they  are  quite  absorbing,  the  deposited 
films  had  to  be  of  a  good  optical  quality  and  have  optical  properties 
as  nearly  as  possible  identical  to  the  properties  of  the  bulk  material. 

The  experiments  described  in  this  report  were  performed  to  find 
a  suitable  method  of  preparing  epitaxial  NiO  films  of  a  good  optical 
quality.  Much  of  the  work  was  directed  towards  determining  the  consis¬ 
tency  of  the  optical  properties  of  the  films,  the  effects  which  the  film 
fabrication  procedure  might  have  on  the  film  optical  properties,  and  at 
least  a  qualitative  comparison  of  the  film  properties  with  bulk  properties 
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B.  Properties  of  NiO 

Many  of  the  interesting  properties  of  the  transition  metal  oxides 
are  at  least  in  part  due  to  the  fact  that  the  transition  metals  have 
only  partly  filled  3d  atomic  levels.  This  fact  affects  the  magnetic, 
optical,  and  transport  properties  of  the  material.  In  the  periodic 
system  of  the  elements,  the  3d  level  begins  to  fill  after  calcium 
in  which  the  4s  level  is  filled  as  well  as  the  levels  up  to  and  in¬ 
cluding  3p.  The  element  nickel  in  addition  to  filled  levels  through 

3p  and  a  filled  4s  level  contains  eight  electrons  in  the  3d  level. 

11  12 

Hund's  rule  ’  dictates  that  with  Russell -Saunders  coupling  the 
angular  momentum  of  the  individual  equivalent  electrons  in  an  atom 
or  ion  combine  to  form  a  resultant  L,  the  individual  equivalent  elec¬ 
tron  spins  s^  combine  to  form  a  resultant  S,  and  S  and  L  combine  tp 
form  a  resultant  J  to  yield  a  ground  state  in  which: 

1)  The  multiplicity  2S+1  is  the  maximum  allowed  by  the  Pauli 
Principle 

2)  The  resultant  L  is  the  maximum  allowed  by  the  Pauli  Principle 
and  a  maximum  2S+1 

3)  J  =  |l  -  S|  when  the  atomic  level  is  half  filled  and 
J=L+S  when  the  level  is  more  than  half  filled. 

For  a  free  nickel  atom  or  for  a  free  Ni^^  ion  tlie  ground  state  is 

(S=l,  L=3,  J=4). 

1.  Magnetic  Properties 

1/2 

The  magnetic  moment  of  a  free  ion  or  atom  is  given  by  g[J(J+l)] 
in  Bohr  magnetons  where  g  is  the  Lande's  g  factor  and  depends  on  L,  S, 
and  For  Ni^^  this  gives  a  value  of  5.59.  A  typical  experimental 

value  for  Ni^*  in  a  crystal  is,  however,  considerably  less  --  the  value 
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being  ''-2.83.  In  a  crystal,  rotational  symmetry  no  longer  exists 

since  the  field  in  which  the  ion  is  located  has  the  symmetry  of  the 

crystal.  The  five  degenerate  3d  orbitals  are  no  longer  degenerate  since 

depending  upon  the  orientation  of  the  orbits  with  respect  to  the  charge 

distribution  of  adjacent  ions  some  of  the  orbitals  will  have  higher 

energies  than  others.  For  0^  symmetry,  the  five  3d  orbitals  are  split 

into  a  doubly  degenerate  set  and  a  triply  degenerate  set.  The  new  energy 

14 

levels  are  split  by  an  energy  conventionally  designated  as  10  Dq.  In 
NiO  six  electrons  are  in  the  lowest  d  levels  and  two  are  in  the  upper 
levels.  The  magnetic  moment  of  the  ion  in  the  crystal  is  the  value  of 
the  operator  Wg(L+2S)  in  the  quantum  state  of  the  eight  electrons  as 
modified  by  the  crystal  field  where  Ug  is  the  Bohr  magneton.  Due  to 
the  effects  of  the  crystal  field  on  the  orbital  levels,  the  orbital 
levels  contribute  considerably  less  to  the  moment  when  the  ion  is  in 
the  crystal  than  when  the  ion  is  free. 

The  overall  eigenstate  of  the  system  must  be  antisymmetric  -- 
this  gives  the  Pauli  principle  as  a  consequence  and  is  the  origin  of 
the  "effect"  or  "force"  generally  referred  to  as  exchange.  Following 
Reference  15  let  and  4i,  be  two  orthogonal  space  eigenfunctions  of 
the  one  electron  Hamiltonian  from  which  one  can  construct  symmetric 
and  antisymmetric  space  functions  for  two  electrons.  For  the  antisymmetric 
space  function  the  electron  spins  must  be  parallel  and  for  the  symmetric 
space  function  the  spins  must  be  antiparallel  --  this  yields  overall 
antisymmetric  states  which  satisfy  the  Pauli  Principle.  These  space 
functions  can  be  written  as: 
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s 


=  y—  symmetric  function 


and  4  =  -  (r  )  4u(r-,)  -  4  (r.)  4.  (r  )  ),  antisymmetric  function 

^/2  aiD^  azni 


The  average  of  the  Coulomb  energy 
states  by  an  amount 


rr^2| 


will  be  different  for  these 


2  //4,  (rj  4,  (rj 


a  ^*1^  "b^*2^  jr^-r^j 


tjr^)  4j,(r^)  dr^  dr^ 


which  is  the  exchange  integral.  This  difference  is  frequently  written 
as  2  JSj  •  $2  for  the  spins  and  S2  being  parallel  and  antiparallel, 
respectively.  For  two  electrons  on  the  same  atom  in  an  incomplete  shell 
the  exchange  interaction  is  such  that  the  spins  line  up  to  give  the 
maximum  total  s^'in  consistent  with  the  number  of  states  to  be  filled  in 
the  shell. This  is  consistent  with  Hund's  rule.  For  spins  on 
different  ions  the  exchange  interaction  is  in  general  negative  which 
favors  antiparallel  spins  on  neighboring  ions. 

In  some  cases  magnetic  ions  in  a  crystal  may  be  sufficiently 
separated  that  they  are  not  linked  by  an  exchange  integral  as  dis¬ 
cussed  above.  The  mechanism  of  super-exchange  may  occur  in  these 
cases.  Here  the  spins  of  the  magnetic  ions  may  be  coupled  to  electrons 
in  a  non-magnetic  intervening  ion  in  such  a  way  that  the  magnetic  ion 
spins  are  for  all  practical  purposes  coupled. 

The  exchange  interaction  between  spins  on  neighboring  atoms 
is  frequently  treated  by  assuming  a  spin  Hamiltonian  written  as 


I  J 
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where  is  the  total  spin  operator  for  the  atom  at  site  IL,  is  the  ex 

change  integral  and  is  a  function  of  the  relative  positions  of  sites 
£  and  Z' ,  and  H  is  an  external  magnetic  field. 

The  Ni^^  magnetic  moments  in  NiO  are  coupled  such  that  NiO  is 
antiferromagnetic  below  its  Neel  temperature  of  523‘’K.^^  Above 
523°K  NiO  is  paramagnetic.  Above  NiO  is  cubic  and  below 
it  is  distorted  by  a  contraction  along  one  of  the  original  cubic 
unit  cell<lll>  axes.  The  structure  is  rhombohedral .  When  antiferro¬ 
magnetic  the  moments  of  Ni^^  form  ferromagnetic  sheets  in  (111)  planes 
along  the  distorted  [111]  axis.  The  spins  on  adjacent  sheets  are 
oriented  antiparallel  to  give  the  antiferromagnetism. 

2.  Transport  Properties 

Since  Ni^^  has  an  unfilled  3d  shell  in  NiO,  one  would  expect 

by  simple  band  theory  that  NiO  would  be  a  conductor.  This  is  not, 

however,  the  case.  Pure  NiO  has  a  specific  resistivity  greater  than 
10  13  17  18 

10  ohm-cm.  ’  ’  When  NiO  deviates  from  stoichiometry  or  when 

13  17  18 

it  is  doped  with  Li  the  resistivity  drops  by  orders  of  magnitude.  ’  ' 

Considerable  effort  has  been  directed  towards  determining  the  process 

by  which  conductivity  occurs  in  NiO. 

19 

Verwey  and  deBoer  have  explained  the  fact  that  NiO  is  an  insula¬ 
tor  by  assuming  the  3d  electrons  to  be  localized  on  the  Ni^^  ions.  Con¬ 
duction  takes  place  by  the  presence  of  Ni**^  caused  either  by  Ni 
vacancies  or  by  the  replacement  of  Ni  by  Li  at  some  Ni  sites.  The 
conduction  is  due  to  hopping  of  holes  from  Ni^*^  to  Ni^^.  The  holes  are 
attracted  to  either  the  Li^  or  Ni  vacancies  and  the  activation  energy 
in  the  conductivity  is  the  energy  required  to  free  the  holes  from  the 
Li^  or  Ni  vacancies.  Verwey  and  DeBoer  assumed  that  once  the  holes 
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are  free  no  activation  energy  is  required  for  them  to  move  from  Ni^^^ 
++ 

to  Ni 

20  2122  23 

Heikes  and  Johnston  and  Morin  ’  ’  '  concluded  from  experi¬ 

mental  results  that  the  activation  energy  in  the  conductivity  was 
associated  with  the  mobility  and  not  with  the  production  of  carriers. 
The  activation  energy  for  the  mobility  was  explained  (Heikes  and 
Johnston)  as  being  the  result  of  the  self  trapping  of  holes  by  the 
lattice  distortion  as  they  move  through  the  lattice.  Conductivity 
then  occurs  as  a  thermally  activated  hopping  of  the  holes.  Argu¬ 
ments  which  apparently  confirmed  this  view  are  summarised  by  Bosman 
24 

and  Crevecoeur,  who  interpret  their  own  results  to  show  that  the 
hopping  model  is  not  correct.  The  arguments  were: 

1)  The  activation  energy  in  the  conductivity  does  not  dis¬ 
appear  at  Li  concentrations  where  nearly  all  Ni  ions  have  Li 
neighbors.  If  the  activation  energy  were  due  to  the  binding  of 
holes  to  Li  impurities  it  should  disappear  at  liigh  Li  concen¬ 
trations.  Since  an  activation  energy  exists  at  high  Li  concen¬ 
trations,  it  must  be  due  to  the  mobility. 

2)  The  simplest  explanation  of  the  obser\ed  proportionality 

of  the  conductivity  to  the  I.i  concentration  is  that  the  number 

24 

of  holes  equals  the  Li  concentration.  Ihis  implies  that  the 
activation  energy  is  not  connected  with  the  creation  of  carriers. 

3)  The  low  values  for  the  mobility  wliich  are  derived  from  a 
hopping  model  are  consistent  with  the  fact  that  no  Hall  effect 
could  be  detected  in  early  measurements. 

4)  Measurements  of  the  mechanical  and  dielectric  losses  indica¬ 
ted  that  holes  moved  around  the  Li*  ions  to  which  they  were 
bound  with  an  activation  energy  of  the  same  order  of  magnitude 
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25  26  27  28 

as  that  obtained  from  conductivity  measurements.  ’  ’  ’ 

29 

Mott  has  proposed  an  argument  which  explains  the  insulating 
behavior  of  materials  with  apparently  half-filled  bands.  The  model 
is  also  of  interest  because  it  predicts  a  sharp  transition  between 
insulating  behavior  and  metallic  behavior  as  the  lattice  constant  is 
decreased.  With  large  lattice  constant  and  small  overlap  of  the 
wavefunctions  on  adjacent  atoms,  electrons  are  localized  at  each 
atomic  site.  In  order  to  place  two  electrons  on  the  same  atom,  an 
energy  sufficient  to  overcome  the  coulomb  repulsion  would  be  required. 
Thus  there  are  no  states  lying  adjacent  to  the  filled  states  even  with 
only  one  electron  per  atomic  orbital  and  the  material  will  be  an  in¬ 
sulator.  As  the  lattice  constant  is  reduced  and  the  overlap  of  the 
wavefunctions  increases  it  becomes  easier  to  excite  electrons  into 
higher  energy  levels  and  the  electrons  tend  to  be  less  bound.  As 
electrons  are  freed  from  their  original  atomic  orbitals  they  tend  to 
screen  other  electrons  from  the  coulomb  potentials  of  the  atoms  and 
from  the  coulonb  potential  between  electrons.  As  more  electrons ’are 
freed  the  range  of  the  coulomb  potential  is  decreased  by  the  screening 
making  it  easier  to  free  electrons.  When  the  screening  becomes  suffici¬ 
ent,  all  electrons  will  be  freed.  The  transition  from  bound  states 
to  band  states  according  to  Mott  will  be  discontinuous  with  variation 

in  lattice  constant. 

30 

Slater  has  proposed  an  energy  gap  in  materials  which  are  anti¬ 
ferromagnetic  even  though  there  may  be  only  one  electron  per  atomic 
orbital.  The  argument  is  that  the  sites  having  "up"  spins  are  not 


1-8 


the  same  as  those  with  "down"  spins  and  thus  the  lattice  constant  is 
effectively  doubled.  The  non-identical  lattice  sites  cause  a  splitting 
of  what  would  be  one  band  if  the  antiferromagnetism  were  not  present. 
This  model  appears  to  predict  metallic  behavior  above  the  Neel  tempera¬ 
ture  in  contrast  to  the  results  of  experiments  on  NiO. 

17 

S.  Van  Houten  made  measurements  on  pressed  samples  of  NiO  fired 
at  high  temperatures  (1200  to  1S50°C) .  These  as  well  as  samples  of 
many  early  workers  were,  of  course,  not  single  crystals.  Van  Houten 
measured  the  Seebeck  effect  and  the  electrical  resistivity  as  a  func¬ 
tion  of  temperature  and  lithium  concentration.  For  the  pure  NiO,  the 
log  p/T  (where  p  is  the  resistivity  and  T  the  temperature  in  °K) 

4 

varied  from  '^^0  to  '^^8  as  10  /T°K  varied  from  -8  to  '^32.  Both  the  log  p 
and  the  activation  energy  of  the  resistivity  dropped  rapialy  as  the 


Li  concentration  was  increased  from  0  to  'v3  atomic  %.  As  the  Li 
concentration  was  further  increased  the  log  p  and  activation  energy 
fell  more  slowly.  The  resistivity  of  the  NiO  samples  showed  an 
activation  energy  of  'v.S  eV  at  temperatures  below  the  Neel  tempera¬ 
ture  of  523°K  and  1.0  eV  above  the  Neel  temperature.  The  activation 
energy  in  the  Li  doped  samples  was  ,1  to  .2  eV.  Statements  concerning 
the  way  the  activation  energy  varies  with  temperature  made  in  Reference 


17  as  well  as  several  other  papers  discussed  in  this  chapter  could  in 

some  cases  be  incorrect.  For  example,  if  the  gap  F;  =  K  °  -  6T  -  >T^ 

S  8 

where  E^°,  6,  and  y  are  constants  then  the  log  of  the  resistivity 
versus  ^  can  have  a  higher  slope  at  high  temperatures  than  at  low  tempera¬ 
tures.  However,  for  the  above  variation  of  F.^  with  T  the  activation  energy 


is  in  fact  less  at  the  higher  temperatures. 
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Van  Houten  interpreted  his  results  to  support  the  thermally 

20 

activated  hopping  hypothesized  by  Heikes  and  Johnston.  He  describes 

g 

NiO  as  having  full  3d  levels  which  are  localized  and  which  lie  about 

5.4  eV^below  the  empty  3d  Ni  levels  which  may  or  may  not  be  localized. 

He  indicates  that  the  oxygen  2p  band  lies  '^^5.3  eV  below  the  Ni^^  levels 

and  yields  no  contribution  to  the  conductivity.  Van  Houten's  estimates 

of  the  energy  levels  were  obtained  by  starting  with  the  ionization 

energies  of  the  free  ions,  combining  them  with  the  Madelung  potentials 

and  making  corrections  to  account  for  the  lattice  polarization  and 

crystal  field  energies.  His  estimates  imply  that  the  oxygen  2p  band 

9  * 

lies  10  to  11  eV  below  the  3d  Ni  levels.  The  small  conductivity  in 

pure  NiO  is  stated  to  be  the  result  of  accidental  impurities  giving 

acceptor  levels  at  1  to  2  eV  above  the  Ni*^  levels.  Li  addition  gives 

acceptor  levels  (Li*  •  Ni**)  about  .035  eV  above  the  Ni**  filled 

levels.  Annealing  NiO  in  oxygen  causes  the  creation  of  Ni**-vacancy 

acceptor  levels.  The  creation  of  the  acceptor  levels  explains  the 

rapid  decrease  in  activation  energy  and  resistivity  when  lithium  is 

introduced  into  NiO  samples.  At  temperatures  somewhat  above  room 

temperature  all  of  the  acceptors  ane  ionized.  The  mobilities  are  then 

assumed  to  increase  exponentially  with  temperature,  the  activation 

energy  being  a  consequence  of  the  self-trapping  of  holes  as  described 

20 

by  Heikes  and  Johnston. 

Resistivity  and  Hall  effect  measurements  on  Li  doped  NiO 

31 

single  crystals  were  made  by  Roilos  and  Nagels.  According  to 
hypotheses  that  conduction  is  a  thermally  activated  diffusion  or 
hopping  process,  the  mobility  in  NiO  should  be  quite  small.  For 
example.  Van  Houten^^  has  calculated  values  from  his  resistivity 
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measurements  which  vary  from  2*10  to  60-10  cm  /V  sec.  Roilcs  and 

Nagels  present  results  for  samples  with  chemical  formula  Li  ^^2  998^' 

The  Hall  effect  measurements  indicated  p  type  conduction  and  a  carrier 

density  (assuming  one  kind  of  carrier)  which  increases  with  temperature. 

2  8  3 

The  resistivity  varied  from  '^-lO  to  'v.s-io  ohm-cm  as  10  /T  (°K)  varied 

2 

from  '^-3  to  9.5.  The  Hall  mobility  varied  from  '>>.25  cm  /V-sec  to 
2  ** 

"v>.C/8  cm  /V-sec  as  10‘^/T  (°K)  varied  from  >>5.5  to  ^6.  The  Hall  mobility 

increased  with  temperature  and  its  value  at  room  temperature  was 
2 

.25  cm^/V  sec.  Roilos  and  Nagels  compared  their  Hall  mobilities  with 

the  other  existing  results.  The  results  of  Ksendzov,  Ansel 'm,  Vasil 'eva 

and  Latysheva  (32  as  quoted  in  31)  are  shown  as  having  a  temperature 

dependence  similar  to  that  found  by  Roilos  and  Nagels  but  having  values 

smaller  by  a  factor  of  ^>>10.  Roilos  and  Nagels  attribute  the  difference 

as  due  to  the  fact  that  Ksendzov  et.  al.  used  polycrystalline  samples 

in  which  grain  boundary  effects  may  be  important.  Other  results  quoted 

by  Roilos  and  Nagels  are  those  of  Zuhzc  and  Shelykh  (33  as  quoted  in  31) 

2 

(they  found  a  Hall  mobility  of  .2  cm  /V  sec  for  NiO  single  crystals  and 
2 

.08  cm  /V  sec  for  polycrystalline  Li  Ni  g^^O)  and  Fujime,  Murakami, 

-4  2 

and  Hirahara  (34  as  quoted  in  31)  (3.7.10  cm  /V  sec  at  room  tempera¬ 
ture)  . 

Several  workers  have  observed  a  change  in  the  activation  energy 

of  NiO  at  a  temperature  near  the  Neel  temperature.  Some  have  observed 
35  18  36 

a  decrease  ’  ’  in  the  activation  energy  above  the  Neel  temperature 

while  others  have  observed  an  increase. Akiyama  has  measured  the 
paramagietic  susceptibility  x  and  electrical  conductivity  of  antiferro¬ 
magnetic  Ni^  Li  0  and  Ni.  Mg  0  as  a  function  of  x  for  x  <  3.  The 

samples  were  sintered.  He  has  plotted  x^/x  (x.^  is  the  value  of 

IN  rnsx  iN 

susceptibility  at  the  Neel  temperature  and  the  maximum 
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susceptibility  as  a  function  of  temperature)  against  the  log  of  the 

conductivity  at  500“K  and  noted  a  monotonic  increase  of  Xk,/x  as 

the  log  of  the  conductivity  decreases.  He  hypothesizes  a  magnetic 

interaction  due  to  electrical  conduction  to  explain  his  results. 

18 

Koide  made  a  study  of  the  resistivity  in  NiO  as  a  function 

of  temperature  (300  to  1020®K)  and  lithium  content  (x  =  0  to  .065 

in  Li^Ni^j  x)^^'  experiments  were  all  made  on  single  crystal 

38 

thin  films  grown  on  MgO  by  halide  decomposition  --  crystals  grown 

in  this  manner  are  thought  to  be  more  stoichiometric  than  Verneuil 
39 

crystals  and  yield  samples  which  should  be  a  considerable  improvement 
over  the  sintered  samples  used  by  numerous  early  workers.  Expressing 
the  resistivity  p  as 

p/T  =  Aj  exp  [cj/kT]  for  T>T* 

p/T  =  A2  exp  [e2/kT]  for  T<T 

where  Aj^  and  are  constants  and  and  are  activation  energies 

(20  as  quoted  in  18).  Koide  summarizes  his  results  as  follows: 

1)  Gj,  Zy  z^  -  and  p  decrease  rapidly  as  x  varies  from  0 

to  .015.  A  kink  appears  in  the  plots  of  p/T  at  a  transition 
*  ★ 

temperature  T  where  T  appears  to  be  near  the  Neel  temperature. 

As  the  Li  content  goes  from  x  =  0  to  x  =  .015,  P(300'’K)  varies 

from  'v-lO^^  ohm-cm  to  ''-10  ohm-cm  and  p(556“K)  varies  from 
3 

'\'3"10  ohm-cm  to  "^.5  ohm-cm.  G2  varies  from  "^.9  to  "^.2  eV 
and  Gj  from  "^.68  to  "^.14  eV.  A^  and  A2  increase  with  x  for 


0<x<.015. 
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2)  For  x>.015,  appears  to  saturate  at  .14  eV  while  e^, 

-Gj,  and  p  continue  to  decrease  slightly,  e^  -  approaches 
kT*  for  x>.025  and  T* ,  and  A2  decrease  with  increasing  x. 
p(300®K)  falls  to  '\^3'10  ^  ohm"cm  at  x  =  .065. 

3)  E^  is  always  greater  than  e^  --  this  is  not  in  agreement  with 
the  results  of  Heikes  and  Johnston  who  used  sintered  samples 
(20  as  quoted  in  18)  . 

4)  The  rapid  decrease  of  p  as  x  goes  from  0  to  .015  is  a  result 

of  the  decrease  in  e^^  and  C2-  For  x  greater  than  ,015  p  decreases 
because  A^^  and  A^  decrease. 

Koide  interprets  his  results  as  follows: 

1)  The  decrease  in  resistivity  and  activation  energies  as  x  varies 
from  0  to  .015  is  a  result  of  a  decrease  in  the  potential  energy 
which  binds  a  hole  on  Ni^^^  to  Li*  or  Ni**  vacancies. 

2)  For  Li  concentrations  x  where  x>.015  the  Li*  -  Li*  distance 
decreases  such  that  the  energy  required  to  release  carriers  is 
essentially  0.  The  saturated  value  of  Ej^  is  then  entirely  due 
to  the  mobility.  This  activation  energy  is  a  result  of  the 
interaction  of  localized  hopping  holes  with  acoustical  phonons. 
Koide  indicates  that  his  results  appear  to  be  more  in  agree¬ 
ment  with  the  hopping  model  of  Toyozawa  (40  as  quoted  in  18)  than 
that  of  Heikes  and  Johnston  (20  as  quoted  in  18).  The  two  models 

differ  in  their  prediction  of  the  force  range  of  the  interaction 

18 

between  the  carriers  and  the  lattice. 
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3)  The  difference  in  activation  energy  below  and  above  the  Neel 

temperature  is  qualitatively  explained  in  terms  of  the  change 

in  the  elastic  constants  at  the  Neel  temperature.  For 

x>.025  -  Ej  depends  upon  the  antiferromagnetic  ordering 

18 

which  Koide  indicates  might  be  unfavorable  for  hopping. 

4)  The  increase  in  Aj  and  with  x  for  0<x<.015  is  due  to  an  in¬ 
crease  in  the  number  of  Li^  trapping  centers. 

Koide  indicates  that  his  conclusions  3  and  4  above  are  "rather  tempor¬ 
ary". 

18 

Koide  was  apparently  unable  to  detect  a  Hall  voltage.  Based  on 

the  hopping  model  which  he  discusses  he  estimates  the  mobility  at  room 

-4  2 

temperature  to  be  ^.7  to  1.0 *10  cm  /volt  sec. 

35 

Vernon  and  Lovell  have  measured  the  conductivity  in  single 
crystal  NiO  between  293®K  and  675®K.  They  have  used  crystals  which 
were  grown  epitaxially  on  MgO  and  then  removed  from  the  MgO  by 
dissolving  the  substrates.  They  have  further  made  measurements  on 
crystals  grown  in  a  carbon  arc  image  furnace  (41  as  quoted  in  35) . 

In  addition  to  a  decrease  in  the  activation  energy  above  the  Neel 
temperature  of  523‘’K,  they  report  another  change  in  activation  energy 
near  390®K.  activation  energy  below  '^390‘’K,  the 

activation  energy  between  390‘’K  and  523°K  and  e^  the  activation  energy 
above  523‘’K,  their  results  show  that  ^3’  relation  between 

and  ^2  appears  to  vary  depending  upon  the  sample  and  the  annealing. 
The  change  in  slope  near  390®K  decreases  with  increasing  oxygen  content 
in  the  specimens.  Vernon  and  Lovell  attribute  the  effect  near  390®K  to 
be  the  result  of  a  small  Jahn-Teller  effect.  They  further  hypothesize 
that  the  NiO  structure  is  distorted  from  cubic  to  rhombohedral  at  a 
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temperature  near  400°K  (it  is  cubic  at  high  temperatures  and  rhombo- 
hedral  at  low  temperatures)  rather  than  at  the  Neel  temperature  as 
usually  stated.  They  report  further  that  thermal  hysteresis  in  the 
change  in  activation  energy  at  the  Neel  temperature  is  a  result  of 
strain  in  the  crystal  and  hypothesize  that  strain  .ree  samples  would 
show  no  hysteresis. 

24 

Bosman  and  Crevecoeur  measured  the  conductivity  and  Seebeck 
effect  of  Li  doped  NiO  in  the  temperature  range  100  to  1300®K. 

Their  samples  were  pressed  bars  of  NiO  fired  at  ISOO^C  in  oxygen. 

The  choice  of  samples  is  rather  unfortunate  since  errors  are  probably 
introduced  into  the  measurements  by  the  non-crystalline  samples.  They 
did  however  measure  the  a.c.  as  well  as  the  d.c.  conductivity  to 
insure  that  the  values  obtained  were  representative  of  the  bulk  mater¬ 
ial  . 

Bosman  and  Crevecoeur  found  that  the  thermoelectric  power  of  a  sample 
_2 

containing  8.8-10  atomic  %  Li  had  a  maximum  at  140°K,  decreased  rapid¬ 
ly  at  temperatures  below  HO^K,  and  decreased  above  140°K  to  a  minimum 
near  900°K.  The  resistivity  of  the  same  sample  changed  by  a  factor 
of  10^^  in  the  temperature  range  of  100  to  1300°K.  Between  140  and 
400°K  the  log  of  the  resistivity  varied  linearly  with  tlie  reciprocal 
of  the  temperature  and  showed  an  activation  energy  of  .30eV.  The 
temperature  dependence  of  the  log  of  the  resistivity  decreased  above 
400°K  and  below  140°K. 

The  temperature  variation  of  the  Seebeck  effect  indicated  that 
the  change  in  resistivity  between  ITO^K  and  400®K  waS  due  to  the 
change  in  free  hole  concentration  with  temperature.  The  maximum  in 
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the  thermoelectric  power  at  140*K  was  explained  by  assuming  two  con¬ 
ductivity  mechanisms  at  low  temperatures  --  impurity  conduction  in  the 
Li*Ni+++  acceptor  levels  and  a  free  hole  conductivity.  Above  140*K, 
the  variation  of  thermoelectric  power  was  explained  assuming  a  narrow 
acceptor  band  having  a  band  width  larger  than  kT  with  the  acceptors 
partly  compensated  by  donors.  The  amount  of  compensation  calculated 
from  the  analysis  of  the  Seebeck  effect  appeared  to  agree  reasonably 
well  with  the  compensation  found  by  chemical  analysis.  The  assumption 
of  the  compensation  was  also  consistent  with  the  presence  of  an  impurity 
band. 

24 

Bosman  and  Crevecoeur  have  computed  mobilities  as  a  function  of 

temperature  from  their  conductivity  and  Seebeck  effect  measurements 

assuming  a  bandwidth  less  than  kT  and  assuming  a  bandwidth  narrow 

but  larger  than  kT.  They  have  compared  the  mobilities  with  Hall 

.2 

mobilities  measured  on  pressed,  fired  NiO  doped  with  8.8*10  , 

-2  -3 

1.1-10  and  5-10  atomic  %  of  Li  (42  as  quoted  in  24)  and  with  the 

Hall  mobilities  measured  by  several  other  workers  (31,  32,  33  as 

quoted  in  24).  The  mobilities  derived  from  conductivity  and  Seebeck 

measurements  were  considerably  greater  than  the  Hall  mobilities  -- 

the  difference  increased  at  high  temperatures.  The  value  of  the 

2 

mobility  was  '^.5  to  5  cm  /V  sec  at  room  temperature  depending  upon 

the  assumption  made  concerning  the  band  width  and  shape.  The  mobility 

decreased  with  increasing  temperature.  Bosman  and  Crevepoeur  conclude 

from  the  Seebeck  effect,  conductivity,  and  Hall  effect  measurements 

that  "employment  of  the  band  model  leads  to  reasonable  results". 

24 

Bosman  and  Crevecoeur  hypothesize  that  other  authors  have  been 
misled  and  assumed  a  hopping  model  because 
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1)  Grain  boundary  effects  in  samples  used  have  given  incorrect 
results . 

2)  The  Seebeck  effect  has  been  interpreted  without  the  assump¬ 
tion  of  acceptor  compensation. 

3)  Workers  have  attempted  to  formulate  models  based  only  upon 
conductivity  measurements. 

4)  The  results  of  mechanical  and  dielectric  loss  measurements 
have  been  erroneously  interpreted  neglecting  the  possibil¬ 
ity  of  impurity  conduction. 

One  further  point  of  interest  is  that  Bosman,  van  Daal,  and 

Knuvers  (42  as  quoted  in  24)  found  that  the  Hall  mobility  showed  a 

43 

change  in  sign  above  the  Neel  point.  Van  Daal  and  Bosman  measured 

the  Hall  effect  and  resistivity  between  200  and  1500®K  on  ceramic  and 

single  crystal  NiO.  The  Hall  constant  was  found  to  have  a  sign  opposite 

to  that  expected  for  p  type  materials  above  the  Neel  temperature  whereas 

the  Seebeck  effect  has  the  expected  sign.  The  Hall  constant  was  found 

to  be  p'^oportional  to  the  reciprocal  of  the  carrier  concentration  and 

-2 

the  Hall  mobility  to  be  less  than  the  drift  mobility  by  '^'10  .  Below 
Tj^,  the  Hall  constant  had  the  sign  expected  assuming  p  type  conduc¬ 
tivity.  Van  Daal  and  Bosman  hypothesized  that  the  anomalous  sign 
change  was  due  to  an  interaction  between  the  carriers  and  the  induced 
magnetic  field.  Their  data  indicated  that  the  interaction  becomes 
important  above  400‘’K.  They  further  hypothesized  the  Hall 
coefficient  to  be  composed  of  two  components  —  the  normal  Hall  effect 
and  a  component  proportional  to  the  normal  component  caused  by  the 
interaction  with  the  induced  magnetic  moment.  They  interpreted  their 
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results  as  being  "inconsistent  with  the  hopping  model." 

Austin,  Springthorpe,  Smith,  and  Tumer^^  measured  the  Hall 
effect,  conductivity,  and  Seebeck  effect  of  NiO  with  up  to  .6  atomic 
percent  lithium  in  the  range  150  to  IICj  K.  Some  of  their  results 
are  shown  in  Figures  1-1  and  1-2.  Thei  measurements  were  performed 
on  single  crystals  which  removes  one  source  of  error  likely  to  be 
present  in  measurements  made  on  sintered  samples.  They  also  investiga¬ 
ted  the  conductivity  of  single  domains  of  NiO.  Between  150  and  400“K 
they  found  the  resistivity  to  vary  with  an  activation  energy  which 
decreased  rapidly  with  increasing  Li  content.  The  activation  energy 
decreased  above  the  Neel  temperature  as  did  that  of  Koide.  The 
activation  energy  decreased  steadily  with  decreasing  temperature 
below  150*K  and  was  '''.007eV  for  temperatures  less  than  40®K.  The 
resistivities  measured  in  single  domains  with  current  flow  parallel 
and  perpendicular  to  the  (111)  spin  planes  were  the  same  and  the  temper¬ 
ature  variations  were  the  same  between  25  and  400®K  to  within  '^+  2%. 

Between  250  and  400°K,  the  Hall  constant  varied  with  an  activa¬ 
tion  energy  slightly  larger  than  that  of  the  resistivity.  The  Hall 
constant  activation  energy  also  decreased  as  the  Li  content  increased. 

Samples  with  little  or  no  Li  had  Hall  mobilities  which  decreased  with 

2 

increasing  temperature,  the  room  temperature  value  being  '^'.4  cm  /volt-sec. 

The  Li  doped  samples  had  Hall  mobilities  with  a  maximum  between  200  and 
and  300°K  and  the  Hall  mobility  of  the  most  heavily  doped  crystal  was 
significantly  less  than  the  mobilities  of  the  other  samples.  In  the 
region  of  overlap  with  the  values  measured  by  Bosman  and  Crevecoeur 
(24  as  quoted  in  36)  the  agreement  was  quite  good. 
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The  thermoelectric  power  had  a  maximum  at  low  temperature  which 

36 

was  particularly  evident  in  the  undoped,  non-stoichiometric  samples. 

The  Seebeck  measurements  showed  a  change  in  slope  at  the  Neel  tempera¬ 
ture  and  a  shallow  minimum  near  1000®K  in  the  samples  containing  Li. 

Using  their  resistivity  and  Seebeck  results,  Austin  et. 
al.  calculated  the  drift  mobility  as  a  function  of  temperature  and 
found  the  ratio  of  drift  mobility  to  Hall  mobility  to  be  'vlO  in  the 
temperature  range  250  to  AQO^K.  The  temperature  dependence  of  the  two 
mobilities  was  quite  similar. 

36 

Austin,  Springthorpe ,  Smith,  and  Turner  interpreted  their 

results  as  indicating  conduction  in  two  levels  --  am  impurity  band 

and  a  narrow  3d  band.  This  interpretation  including  the  assumption  of 

compensation  is  consistent  with  the  results  and  interpretation  of  Bosman 
24 

and  Crevecoeur.  The  maximum  in  the  Seebeck  measurements  on  undoped 
crystals  which  occurred  near  320‘’K  was  cited  as  evidence  that  impurity 
conduction  is  important  at  room  temperature.  Austin  et.  al.  discussed 
the  effect  of  electron-phonon  coupling  in  NiO  and  concluded  that  their 
results  suggested  small -polaron  conduction  in  a  narrow  3d  band  in  the 
temperature  region  where  impurity  conduction  is  not  dominant.  The 
activation  energy  for  holes  to  get  into  the  band  is  .16  to  1.2eV 
depending  upon  the  Li  concentration.  The  isotropy  of  the  conductivity 
in  single  domains  was  stated  to  indicate  that  the  3d  band  conduction 
depends  on  indirect  overlap  through  the  oxygen  ions  rather  than  direct 
3d  overlap. 

44 

Young,  Wilson,  and  Schwartz  investigated  the  effect  of  pressure 
on  the  NiO  resistivity  and  Seebeck  coefficient  near  room  temperature  and 
interpreted  the  results  to  show  that  the  hole  mobility  decreased  with 


1-19 


pressure  up  to  60000  atmospheres  --  the  decreased  hole  mobility 
was  explained  in  terms  of  the  early  hopping  models  as  due  to  a  decrease 
in  the  diffusion  rate  of  self  trapped  holes  with  pressure.  The  main 
point  of  interest  in  their  measurement,  however,  was  that  no  Mott 
transition  was  found  at  pressures  up  to  200000  atmospheres.  Unfortun¬ 
ately,  their  samples  as  was  the  case  with  many  early  measurements  were 

not  single  crystals. 

45 

Vaisnys  measured  the  variation  of  the  conductivity  and  thermo¬ 
electric  power  with  pressure  and  found 

=  -I'O  -  10  ^  eV/bar  and  =  -5-10  ^  eV/bar 

where  ^  is  the  activation  energy  for  conductivity  and  QT  the  thermo¬ 
electric  power.  The  sample.®  were  again  not  crystalline.  The  results 
were  interpreted  in  terms  of  an  activated  mobility  in  conflict  with 
most  recent  interpretations  of  the  Hall  effect,  conductivity  and  See- 
beck  effect. 

46 

J.  Feinleib  has  suggested  that  the  band  like  conduction  in  NiO 
suggested  by  the  most  recent  experimental  data  and  the  crystal  field 
type  optical  spectra  (see  the  following  section)  are  consistent  with 
a  model  where  hole  conduction  occurs  in  an  oxygen  2p  band  separated 

g 

from  a  Ni  4s  band  by  about  4  eV.  The  d  levels  are  localized  at 

energies  in  the  gap. 

47 

D.  Adler  has  reviewed  the  theoretical  models  and  experimental 
results  of  the  transition  metal  oxides  in  general.  His  review  con¬ 
tains  a  very  complete  list  of  the  referenc'^is  on  not  only  NiO  but  also 
the  other  transition  metal  oxides.  It  is  worthwhile  to  reproduce  a  list 
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contained  in  Adler's  review  which  summarizes  the  properties  of  NiO  as 
indicated  by  experimental  work  to  date.  As  yet  a  consistent  model  is 
not  available  to  explain  these  properties.  The  list  as  contained 
in  Reference  47  is: 

(1)  The  semiconducting  nature  of  NiO  at  all  temperatures. 

(2)  The  anti  ferromagnetism  and  low  temperature  rhombohedral 
distortion. 

(3)  The  decreasing  drift  mobility  with  increasing  temperature. 

(4)  The  slowly  decreasing  Hall  mobility  with  increasing  temperature. 

(5)  The  small  value  of  the  ratio  m.Jm,  .  'v  .01  -  .1. 

H'  drift 

(6)  The  change  in  sign  of  the  Hall  coefficient  in  the  vicinity  of  Tj^. 

(7)  The  optical  absorption  peak  at  .24  eV  which  vanishes  above 

Tfj  (this  will  be  discussed  in  the  following  section  on  optical 
properties) . 

(8)  The  absorption  edge  and  photoconductivity  edge  at  3.7  eV 
(this  will  be  discussed  in  the  following  section  on  optical 
properties) . 

(9)  The  activation  energies  of  .25  -  .50  tV  in  the  300-1000°K  range. 

(10)  The  discontinuous  decrease  of  this  activation  energy  at  Tj^. 

(11)  The  activation  energy  of  1.0  eV  above  1000®K,  independent  of 
impurity  concentration. 

References  48,  49  and  50  are  of  general  interest  for  those  study¬ 
ing  transport  in  the  transition  metal  compounds  --  particularly  those 
compounds  which  exhibit  a  metal  to  semi-conductor  transition  with 
temperature . 

3.  Optical  Properties 

One  of  the  earlier  measurements  of  the  optical  properties  of  NiO 
was  made  by  Doyle  and  Lonergan.^^  They  measured  the  absorption  spectra 
of  thin  films  between  2000  angstroms  and  one  micron  and  the  spectra 
of  pressed  potassium  bromide  discs  containing  NiO  between  3600  angstroms 
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and /One  micron.  The  thin  films  were  oxidized  films  of  nickel,  and  the 
potassium  bromide  discs  contained  .1,  .2  and  .5%  NiO.  The  absorption 
spectrum  of  a  typical  NiO  film  is  shown  in  Figure  1-3  and  the  results 
from  the  pressed  discs  are  summarized  in  Table  1-1.  The  thin  film 
spectrum  shows  a  threshold  at  6000  angstroms,  a  broad  maximum  at  2800 
angstroms  and  a  peak  at  2400  angstroms. The  absorption  coefficient 
at  short  wavelengths  is'^  10^  cm 

Doyle  and  Lonergan  attribute  the  maximum  at  2800  angstroms  to  an 

electron  transfer  from  the  O2  "  to  Ni^*  ion.  They  eliminate  the 
8  7 

3d  — ♦  3d  4p  transition  by  arguing  that  the  energy  for  this  process 
is  too  high  to  give  agreement  with  the  optical  transmission  spectrum. 

In  contrast  they  estimate  the  energy  for  the  charge  transfer  process 

* 

to  be  approximately  that  obtained  from  the  optical  results.  The  energy 
is  estimated  from  the  Madelung  constant  for  the  lattice,  the  electron 
affinity  of  the  0  ion,  the  second  ionization  potential  of  nickel,  and 
the  lattice  polarization  energy  --  the  latter  was  estimated  from  the 
refractive  index.  They  also  make  estimates  for  the  band  width  of  the 
filled  O2  level.  The  transition  they  describe  is  from  the  highest 
filled  oxygen  band  to  the  first  exciton  level.  The  second  absorption 
peak  (2400  angstroms)  is  interpreted  as  the  transition  to  the  conduction 
band. 

Table  1-1  compares  the  absorption  peaks  measured  by  Doyle  and 
Lonergan^^  in  pressed  potassium  bromide  discs  with  those  observed  by 
Morin  (22  as  quoted  in  51)  in  a  thick  NiO  film,  by  Kroger,  Vink  and 
van  der  Boomgaard  (52  as  quoted  in  51)  in  the  diffuse  reflection 
spectra  of  Ni0+  MgO  mixed  crystals,  and  by  Orgel  (53  as  quoted  in  51) 
in  the  hydrated  Ni^*  ion  in  aqueous  solution.  Table  1-1  also  lists 


TABLE  1-1  Optical  spectrum  of  NiO  as  given  in  Ref.  51. 
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the  assigned  crystal  field  theory  transitions  of  Reference  53  as 
quoted  in  51.  Doyle  and  Lonergan^^  therefore  interpret  the  spectra  of 
tho  pressed  discs  as  due  to  transitions  in  the  Ni^^  ion  octahedrally 
surrounded  by  O^' . 

39 

Ne’viTian  and  Chrenko  measured  the  optical  properties  of 
single  crystal  NiO  between  .025  and  10  eV.  The  crystals  were  grown 
in  two  different  ways  --  flame  fusion  and  the  vapor  deposition  method 
described  by  Cech  and  Alessandrini  in  reference  38.  Thin  films  of 
oxidized  nickel  were  also  used  for  transmission  measurements  over  part 
of  the  wavelength  spectrum. 

The  absorption  spectrum  is  shown  in  Figure  1-4.  Between 
1.0  eV  and  3.5  eV  there  are  several  narrow  absorption  bands  which 
Newman  and  Chrenko*^assign  to  transitions  in  Ni^^  as  modified  by  the 
crystal  field.  Table  1-2  summarizes  the  energies  of  the  lines  observ¬ 
ed  and  indicates  the  assignment  of  each.  The  table  further  gives 
the  values  of  transitions  observed  in  Ni^^  in  MgO  (Reference  54  as 
quoted  in  Reference  39) .  The  observed  transitions  are  forbidden  by 
the  selection  rules  and  only  occur  due  to  the  interaction  with  lattice 
vibrations.  From  the  width  of  the  observed  absorption  bands  Newman 
and  Chrenko  estimate  the  3d  band  in  NiO  to  be  less  than  .25  eV  wide. 

The  absorption  of  the  observed  lines  was  measured  at  temperatures 
between  20“K  and  yoO^K  which  include  temperatures  above  the  Neel  point. 
Newman  and  Chrenko  found  slight  increases  in  the  intensities  of  the  ab¬ 
sorptions  and  small  shifts  of  the  peaks  to  lower  energies  as  the  tempera¬ 
ture  was  increased.  They  conclude  that  the  absorptions  between  1  and 
3.5  eV  are  not  affected  by  the  antiferromagnetic  ordering  in  NiO. 

At  'v4  eV  the  NiO  absorption  increases  rapidly  to  a 
plateau  at  higher  energies.  The  measurements  shown  between  4  and  5.8  eV 


TABLE  1-2.  Optical  Spectrum  of  NiO  at  300“K  as  given  in  Ref.  39. 
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In  Figure  I-4  were  made  on  polycrystalline  films  of  oxidized  nickel 
and  showed  no  fine  structure.  Using  arguments  similar  to  those  of  Doyle 
and  Lonergan^^  to  estimate  the  energy  of  transitions  in  Ni^*,  Newman 
and  Chrenko  hypothesize  that  the  absorption  at  high  energies  is  due 
to  a  charge  transfer  from  0  to  Ni^^. 

Newman  and  Chrenko  show  (see  Figure  1-4)  a  continuous  back¬ 
ground  absorption  below  4  eV.  By  measuring  the  absorption  of  crystals 
containing  excess  oxygen,  they  demonstrated  that  the  continuous  back¬ 
ground  absorption  increased  as  the  0/Ni  ratio  increased.  The  positions 
of  the  absorption  maxima  were  not  changed  as  the  stoichiometry  was 
varied  and  the  intensity  of  the  peaks  varied  only  a  small  amount. 

Figure  1-4  shows  an  absorption  at  .24  eV  which  Newman  and 
Qhrenko  observed  in  flame  fused  crystals  grown  in  their  laboratory, 
in  flame  fused  crystals  grown  in  other  laboratories,  and  in  crystals 
grown  by  vapor  deposition.  In  all  cases  the  absorption  had  the  same 
intensity.  The  above  plus  the  fact  that  flame  fused  crystals  of  MnO 
and  CoO  do  not  have  an  absorption  band  at  .24  eV  led  Newman  and 
Chrenko  to  the  conclusion  that  the  absorption  is  not  due  to  impurities. 
The  peak  at  .24  eV  changes  little  with  temperature  below  300°K  but 
becomes  less  intense  and  moves  to  lower  energies  with  increasing  tempera 
ture  above  SOO^K.  At  the  Neel  temperature  the  absorption  is  almost  gone 
The  conclusion  reached  in  Reference  39  is  that  the  absorption  is  asso¬ 
ciated  with  the  antiferromagnetic  ordering  in  NiO. 

Newman  and  Chrenko  measured  the  reflectivity  of  single  crystal 
NiO  between  .025  eV  and  10  eV.  In  the  energy  range  .1  to  10  eV  they 
observed  only  a  single  peak  at  4  eV  corresponding  to  the  rapid  increase 
in  absorption  at  about  this  energy.  Below  .1  eV  they  observed  the 
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structure  due  to  absorption  by  optical  mode  lattice  vibrations.  From 
the  reflectivity  they  determined  the  static  dielectric  constant  to  be 
12  and  the  high  frequency  dielectric  constant  to  be  5.4.  The  trans¬ 
verse  optical  mode  energy  is  given  as  .044  eV  and  the  longitudinal 
optical  mode  energy  as  .076  eV. 

Ksendzov  and  Drobkin^^  measured  the  photocurrent  in  NiO  as  a 
function  of  wavelength  and  the  electrical  conductivity  and  thermo¬ 
electric  power  as  a  function  of  temperature  between  700  and  1200®K. 

The  samples  were  single  crystals  grown  by  vapor  deposition  as  described 
in  Reference  38.  They  found  the  photocurrent  to  be  small  below  3  eV 
and  to  increase  sharply  between  3.5  and  4.0  eV.  They  state  that  much 
transport  data  has  been  interpreted  ignoring  changes  in  th-  Ni*^^  concen¬ 
tration  which  occur  with  temperature  due  to  the  equilibrium  reached 
between  the  oxygen  content  of  the  samples  and  the  oxygen  in  the  atmos¬ 
phere  surrounding  the  samples.  Ignoring  changes  in  the  sample  oxygen 
content  with  temperature  leads  to  incorrect  interpretations  concerning 
the  relation  of  the  activation  energy  to  the  forbidden  band  width  of 

intrinsic  NiO.  Ksendzov  and  Drobkin  measured  the  conductivity  and 

-4 

thermoelectric  power  in  a  10  mm  Hg  vacuum  where  at  the  temperatures 

used  the  changes  in  NiO  oxygen  content  could  be  neglected.  From  the 

variation  of  the  conductivity  with  temperature,  they  determined  the 

forbidden  band  width  to  be  3.7  eV.  They  interpreted  their  measured 

thermoelectric  power  to  indicate  mixed  conduction  with  a  hole  mobility 

greater  than  the  electron  mobility.  They  further  state  that  the  for- 

^  ^  8 

bidden  band  width  is  determined  by  the  transition  from  Ni  (3d  ) 
to  Ni''(3d®). 


Marshall,  Mitra,  Gielisse,  and  Plendl^^  have  discussed  the  results 
of  reflection  and  transmission  measurements  on  NiO,  CoO  and  their 
mixed  crystals.  By  measuring  the  reflectivity  in  the  lattice  \ibration 

region  of  NiO,  (Ni  50^°  50^^’  '’5'^°  75^^ 

they  determined  that  the  maxima  vary  from  475  cm  ^  in  NiO  to  'vSSS  cm  ^ 
in  CoO  whereas  the  minima  due  to  the  longitudinal  optical  mode  near 
k=0  vary  from  '"-625  cm  ^  in  NiO  to  "-603  cm  ^  in  CoO.  They  found  second¬ 
ary  maxima  in  the  reflectivities  which  are  barely  resolved  in  NiO 
but  are  well  separated  in  CoO.  They  show  the  absorption  of  (Ni^Co^  ^)0 
between  1000  and  2400  cm  ^  including  the  band  at  1935  cm  ^  (.24  eV') 
in  NiO  which  Newman  and  Chrenko  have  hypothesized  to  be  connected  with 
the  antiferromagnetic  order  in  the  crystal.  Marshall  et.  al .  state 
that  the  position  of  the  peak  and  the  absorption  coefficient  are 
approximately  a  linear  function  of  Co  content. 

The  absorption  spectrum  at  higher  energies  is  summarized  in  Table 
1-3  and  is  attributed  to  transitions  between  the  Ni^^  d  levels  as 
modified  by  the  crystal  field  and  at  the  high  energies  where  the  bands 
have  not  been  identified  possibly  to  excitons.  Marshall  et.  al.  do 
not  indicate  the  method  of  preparation  for  their  samples  making  it 
somewhat  difficult  to  determine  how  reliably  their  results  represent 
the  optical  properties  of  single  crystal  NiO.  They  do  not  show  an 
absorption  curve  between  3  and  6  eV  making  it  impossible  to  determine 
whether  they  detected  the  large  apparent  absorption  edge  seen  by  other 
workers . 

Gielisse,  Plendl,  Mansur,  Marshall,  Mitra,  Mykolajewyez,  and  Smakula 
measured  the  optical  properties  in  the  lattice  vibrational  region  of  singl 
crystal  NiO,  CoO  and  intermediate  solid  solutions.  The  samples  were 
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Table  1-3 

Spectrum  of  NiO  as  given 

in  Ref.  56 

Ni 

Observed 

Tentative 

Assignment^ 

Estimated^ 

9020 

-1 

cm 

(1.118  eV) 

3  3 

T2C'f) 

9280  cm"^ 

(1.150  eV) 

10200 

(1.264 

) 

? 

14560 

(1.805 

) 

^E(^D) 

14880 

(1.845  ) 

15620 

(1.936 

) 

^Tj(^F) 

15820 

(1.961  ) 

18200 

(2.256 

) 

? 

21220 

(2.631 

) 

? 

28400 

(3.521 

) 

28700 

(3.558  ) 

30900 

(3.831 

) 

30550 

(3.787  ) 

32160 

(3.987 

) 

9 

33900 

(4.202 

) 

^E(^G) 

35550 

(4.407  ) 

40700 

(5.045 

) 

? 

44400 

(5.504 

) 

? 

®  For 

10  Dq 

=  9500  cm 

■1 

^  The 

ground  state  is 

'a,  . 

2g 
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grown  by  flame  fusion.  The  reflectivity  of  NiO  had  a  peak  reflectivity 
of  90,7%  at  465  cm  a  minimum  at  625  cm  ^  and  a  sideband  at  570  cm 
There  were  broad  maxima  at  1000  and  760  cm  Transmission  measure¬ 
ments  revealed  absorption  bands  at  700,  727,  775,  810,  825,  925, 

1050,  and  1170  cm'^  in  addition  to  the  band  at  1940  cm  ^  discussed 
in  References  39  and  56.  The  reflectivity  of  CoO  had  a  peak  of  80,3% 
at  373  cm  a  minimum  at  613  cm  and  a  secondary  peak  at  490  cm 
"Shallow"  maxima  were  found  at  800,  1200,  2200,  and  2900  cm*^,  A 
transmission  minimum  was  present  at  750  cm  ^  with  evidence  for  struc¬ 
ture  at  816,  870,  and  922  cm  The  studies  of  the  alloys  indicated  a 
linear  variation  of  all  major  optical  and  physical  parameters  (infra¬ 
red  results  only  are  presented)  when  Co  replaces  Ni.  Gielisse  et.  al. 
also  derived  values  for  the  optical  constants,  di-electric  constants, 
effective  ionic  charges,  and  characteristic  frequencies  from  their  re¬ 
sults  and  the  values  are  presented  in  Reference  57. 


10^/T(Tin*K) 


TEMPERATURE  DEPENDENCE  OF  THE  RESISTIVITY  P  AND  HALL  COEFFICIENT  Rh 
IN  VARIOUS  NiO  CRYSTALS 


FIG.  1-1  RESISTIVITY,  HALL  COEFFICIENT,  AND  HALL  MOBILITY  IN  NiO  (REF- 36). 

AT  %  LITHIUM;  x-0,  «  ■  .032  ,  a  -.029,  a  -  1AA,  0  ■  ,202,  ■  -  211, -.537. 


500 


2i 


TCK) 

300 


00 


150 


SEEBECK  COEFFICIENT  IN  VARIOUS  NiO  CRYSTALS.  AT,  %  LITHIUM: +-0,x-0, 
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COMPARISON  OF  THE  DRIFT  AND  HALL  MOBILITY  IN  NiO 

- REF.  36, - REF  24  AS  QUOTED  IN  36-, - REF.  31 

AS  QUOTED  IN  36.  AT  %  LITHIUM:  a-0.03,  □*  0.21,0- 0.202 
•  *0.537 


FIG.  1-2  SEEBECA  COEFFICIENT,  DRIFT  AND  HALL  MOBILITY  IN  NiO  (REF. 36). 


OPTICAL  DENSITY 


ABSORPTION  COEFFICIENT  (cin^  300*K  CURVE 


FIG.  1-4  ABSORPTION  SPECTRUM  OF  NiO  AT  300*K,  77*K.  DASHED 
LINES  ARE  INTERPOLATIONS,  AS  GIVEN  IN  REF.  39 


ABSORPTION  COEFFICIENT  ( cnT’)  77*K  CURVE 


1-35 


Chapter  One 

BIBLIOGRAPHY 

(1)  R.  B.  Schoolar,  Bull.  Am.  Phys.  Soc. ,  Ser.  II,  8,  516  (1963). 

(2)  P.  R.  Wessel,  J.  R.  Dixon,  J.  N.  Zemel,  R.  B.  Schoolar,  and  J.  D. 

Jensen,  Bull.  Am.  Phys.  Soc.  Ser.  II,  ^  517  (1963). 

(3)  H.  R.  Riedl  and  R.  B.  Schoolar,  Phyc .  Rev.  131 ,  2082  (1963). 

(4)  D.  L.  Mitchell,  E.  D.  Palik,  and  J.  N.  Zemel,  Phys.  Rev.  135 , 

A  763  (1964) . 

(5)  R.  B.  Schoolar  and  J.  R.  Dixon,  Phys.  Rev.  m,  A667  (1965). 

(6)  P.  R.  Wessel,  Phys.  Rev.  836  (1967). 

(7)  C.  E.  Rossi  and  William  Paul,  Journal  of  Applied  Physics 
1803  (1967). 

(8)  P.  M.  Grant  and  W.  Paul,  Journal  of  Applied  Physics  3110  (1966). 

(9)  R.  Ludeke  and  W.  Paul,  Journal  of  Applied  Physics  J7,  3499  (1966). 

(10)  S.  A.  Semiletov,  I.  P.  Voronina,  and  E.  I.  Kortukova,  Soviet 
Phys.  Cryst  I^,  429  (1966). 

(11)  G.  Herzberg,  Atomic  Spectra  and  Atomic  Structure,  Dover  Publica¬ 
tions,  New  York  (1940). 

(12)  C.  Kittel,  Introduction  to  Solid  State  Physics,  John  Wiley  and 
Sons,  New  York  and  London  (1962). 

(13)  J.  Feinleib,  Technical  Report  No.  HP-11,  Gordon  McKay  Laboratory, 
Division  of  Engineering  and  Applied  Physics,  Harvard  University 
(1963)  . 

(14)  D.  S.  McClure,  Solid  State  Physics,  Vol.  9,  F.  Seitz  and  D.  Turnbull, 
eds .  Academic  Press,  N.Y.  (1959)'. 

(15)  J.  M.  Ziman,  Principles  of  the  Theory  of  Solids,  The  University 
Press,  Cambridge  (1964) . 

(16)  G.  A.  Slack,  Journal  of  Applied  Physics  1571  (1960). 

(17)  S.  Van  Houten,  J.  Phys.  Chem.  Solids  17,  7  (1960). 

(18)  S.  Koide,  J.  Phys.  Soc.  Japan  123  (1965). 

(19)  J.  H.  deBoer  and  E.  J.  W.  Verwey,  Proc.  Phys.  Soc.  (I-ondon) 

49,  59(1937). 

(20)  R.  R.  Heikes  and  W.  D.  Johnston,  J.  Chem.  Phys.  26,  582  (1957). 


1-36 


(21)  F.  J.  Morin,  Phys .  Rev.  83.  1005  (1951). 

(22)  F.  J.  Morin,  Phys.  Rev.  93,  1195  and  1199  (1954). 

(23)  F.  J.  Morin.  Bell  Syst.  Tech.  J;  37,  1047  (1958). 

(24)  A.  J.  Bosnian  and  C.  Crevecoeur,  Phys.  Rev.  144 ,  763  (1966). 

(25)  R.  G.  Miller  and  R.  R.  Heikes,  J,  Chem.  Phys.  28.  348  (1958). 

(26)  S.  Van  Houten,  J.  Phys.  Chem.  Solids  n,  1045  (1962). 

(27)  S.  Van  Houten  and  A.  J.  Bosman,  in  Informal  Proceedings  of  the  Buhl 
International  Conference  on  Materials,  Pittsburgh,  1963,  edited 

by  E.  R.  Schatz  (Gordon  and  Breach  Science  Publishers,  Inc., 

New  York ,  1966) . 

(28)  A.  J.  Bosman  and  S.  Van  Houten,  in  Proceedings  of  the  Seventh 
International  Conference  on  the  Physics  of  Semiconductors,  Paris, 

1964  (Academic  Press  Inc.,  New  York,  1965)  p.  1203. 

(29)  N.  F.  Mott,  Proc.  Phys.  Soc.  (London)  416  (1949). 

(30)  J.  C.  Slater,  Phys.  Rev.  538  (1951). 

(31)  M.  Roilos  and  P.  Nagels,  Solid  State  Communications  2,  285  (1964). 

(32)  M.  Ya.  Ksendzov,  N.  L.  Ansel'm,  L.  L.  Vasil'eva,  and  V.  M.  I.atysheva, 

Fiz.  Tverdvago  Tela  5,  1537  (1963);  English  Translation,  Sov.  Phys. 
Solid  State  5,  1278  Tl963). 

(33)  P.  V.  Zhuze  and  1.  A.  Shelykh,  Fiz.  Tverdogo  Tela  5,  1756(1963); 
English  Translation,  Sov.  Phys.  -  Solid  State  5,  ll78  (1963). 

(34)  S.  Fujime,  M.  Murakami,  aid  F.  Hirahara,  J.  Phys.  Soc.  Japan 
183  (1961). 

(35)  M.  W.  Vernon  and  M.  C.  Lovell,  J.  Phys.  Chem.  Solids  1125  (1966). 

(36)  I.  G.  Austin,  A.  J.  Springthorpo ,  B.  A.  Smith,  and  C.  E.  Turner, 

Proc.  Phys.  Soc.  90,  157  (1967). 

(37)  M.  Akiyama*  J.  Phys.  Soc.  Japan  M,  182  (1965). 

(38)  R.  E.  Cecil  and  E.  1.  Alessandrini ,  Trans.  A.  S.  M.  150  (1959). 

(39)  R.  Newman  and  R.  M.  Chrenko,  Phys.  Rev.  114,  1507  (1959). 

(40)  Y.  Toyozawa,  Prog.  ITieor.  Phys.,  edited  by  C.  G.  Kupcr  and  G.  U. 
Wliitfield  (Oliver  and  Boyd,  l563) ,  26,  p.  211. 


1-37 


(41)  C.  Kooy  and  H.  J.  Couwenberg,  Phillips  Tech.  Rev.  £3,  161  (1962). 

(42)  A.  J.  Bosman,  H.  J.  van  Daal,  and  G.  F.  Knuvers,  Phys.  Letters 
372  (1965)  . 

(43)  H.  J.  van  Daal  and  A.  J.  Bosman,  Phys.  Rev.  158 ,  736  (1967). 

(44)  A.  P.  Young,  W.  B.  Wilson,  and  C.  M.  Schwartz,  Phys.  Rev.  121 , 

77  (1961) . 

(45)  J.  Rimas  Vaisnys,  Journal  of  Applied  Physics  38,  2153  (1967). 

(46)  J.  Feinleib,  Berkeley  APS  (1968). 

(47)  D.  Adler  (to  be  published) . 

(48)  D.  Adler  and  H.  Brooks,  Phys.  Rev.  155,  826  (1967). 

(49)  J.  Feinleib  and  W.  Paul,  Phys.  Rev.  155 ,  841  (1967). 

(50)  D.  Adler,  J.  Feinleib,  H.  Brooks,  and  W.  Paul,  Phys.  Rev.  155,  851  (1967). 

(51)  W.  P.  Doyle  and  G.  A.  Lonergan,  Trans.  Faraday  Soc.  26  27  (1958). 

(52)  Kroger,  Vink  and  van  der  Boomgaard,  Physica  2^,  77  (1952). 

(53)  J.  Orgel,  J.  Chem.  Physics  23,  1004  (1955). 

(54)  W.  Low,  Phys.  Rev.  109,  247  (1958). 

(55)  Ta.  f.  Ksendzov  and  I.  A.  Drobkin,  Soviet  Physics  -  Solid  State 
7,  1519  (1965). 

(56)  R.  Marshall,  S.  S.  Mitra,  P.  J.  Gielisse,  and  J.  N.  Plendl, 

Proceedings  of  the  International  Conference  on  the  Physics  of 
Semiconductors,  Paris  1964. 

(57)  P.  J.  Gielisse,  J.  N.  Plendl,  L.  C.  Mansur,  R.  Marshall,  S.  S. 

Mitra,  R.  Mykolajewyez ,  and  A.  Smakula,  Journal  of  Applied  Physics 
36,  2446  (1965)  . 


Chapter  Two 


PREPARATION  OF  FILMS 

There  are  several  methods  of  depositing  films  on  substrates  of 

either  the  same  material  or  of  some  different  material.  The  particular 

method  used  in  a  given  case  depends  upon  the  substance  one  wishes  to 

deposit  and,  to  some  extent,  on  the  substrate  one  wishes  to  use.  It  was 

our  desire  to  deposit  nickel  oxide  epitaxially  onto  a  substrate  which 

was  transparent  far  into  the  ultraviolet.  In  order  to  deposit  the  film 

epitaxially  it  was  desirable  to  use  a  substrate  of  the  same  crystal 

structure  as  nickel  oxide  and  having  a  lattice  constant  reasonably  near 

that  of  nickel  oxide.  The  ideal  substrate  material  for  our  purposes 

was  LiF  which  has  the  NaCl  crystal  structure  and  has  a  lattice  constant 

of  4.01  angstroms.^  NiO  is  nearly  cubic  (it  is  distorted  slightly  along 

what  would  be  a  (111)  direction  of  a  cubic  structure)  and  has  a  lattice 

constant  of  4.18  angstroms.^  LiF  is  transparent  to  about  1040  angstroms 

2 

in  the  vacuum  ultraviolet.  Two  other  materials  which  are  also  transparent 

into  the  vacuum  ultraviolet  might  also  do  --  CaF2  with  a  lattice  constant 

2 

of  5.45  angstroms  (transparent  to  1250  angstroms  )  and  BaF^  with  a  lattice 

2 

constant  of  6.18  angstroms  (transparent  to  1300  angstroms  ).  These 
substances  are  both  of  the  fluorite  structure  and  cleave  along  (111) 
planes  rather  than  (100).  Nevertheless,  it  should  be  possible  to  grow 
NiO  epitaxially  on  these  materials. 

In  depositing  nickel  oxide  for  use  in  optical  experiments,  we  have 
investigated  six  essentially  different  techniques: 

A.  Evaporation  of  NiO  in  a  high  vacuum 

B.  Chemical  transport  and  reaction  via  a  gas 


r 
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C.  Flash  evaporation 

D.  Electron  beam  evaporation  of  nickel  in  an  0^  atmosphere 

E.  Sputtering  of  nickel  in  an  atmosphere  containing  0^ 

F.  Oxidation  of  nickel  films 

In  the  sections  to  follow  we  will  discuss  each  of  these  methods  and 
indicate  their  relative  merits  and  disadvantages.  Many  of  the  procedures 
used  here  are  discussed  in  the  general  references  on  evaporation  techniques 
and  thin  films.  References  3,  4,  5,  and  6  are  particularly  useful. 


A.  Evaporation  in  a  High  Vacuum 

Probably  the  simplest  and  most  commonly  used  method  of  depositing 
films  (particularly  metals)  is  evaporation  in  a  vacuum.  The  material 
to  be  deposited  is  heated  in  a  vacuum  usually  of  the  order  of  10  ^mm  Hg 
until  it  evaporates.  The  substrate  is  placed  such  that  the  evaporating 
material  strikes  it.  The  prime  requirement  necessary  for  this  technique 
is  that  one  be  able  to  hold  the  material  in  a  boat  or  crucible  which 
can  be  heated  and  which  neither  evaporates  nor  reacts  with  the  material 
to  be  deposited  at  the  temperatures  required.  Furthermore,  if  one  is 
depositing  a  compound,  the  compound  must  either  not  dissociate  or  all 
constituents  of  the  compound  must  evaporate  at  approximately  the  same 
temperature.  Among  the  materials  for  which  evaporation  has  been  used 

3 

are  metals  such  as  aluminum  and  silver  and  semiconductors  such  as 

.  6, 7, 8, 9  .  OK  10,11,12,13,14 

germanium  and  Pbs  . 

The  schematic  of  the  equipment  which  we  used  in  our  attempts  at 


evaporation  is  shown  in  Figure  2-1.  The  substrate  was  attached  to  a 
tantalum  plate  which  was  heated  by  a  tantalum  wire  heater  located  just 
above  it.  The  NiO  was  heated  in  a  tungsten  boat.  The  source  to  substrate 
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distance  was  approximately  25  cm.  and  the  vacuum  was  2-3 '10  mm  Hg. 

A  shutter  was  placed  between  the  source  and  the  substrate  in  order  that 
the  source  could  be  brought  to  temperature  for  a  short  period  before 
evaporating  anything  onto  the  substrate. 

With  most  materials ,  it  is  necessary  to  heat  the  substrate  in  order 
to  obtain  an  epitaxial  film.  The  temperature  required  however,  varies 
with  both  film  material  and  substrate  material.  A  thermocouple  was 
attached  to  the  tantalum  plate  in  order  to  monitor  the  substrate  tempera¬ 
ture  during  evaporation. 

Nickel  oxide  evaporates  at  temperatures  of  the  order  of  1600®C. 

We  found  that  it  was  difficult  to  heat  the  NiO  in  a  tungsten  boat  suffi¬ 
ciently  to  evaporate  it.  The  NiO  appeared  to  decompose  and  leave  nickel 
behind  to  subsequently  evaporate.  In  addition  the  nickel  tended  to  alloy 
with  the  boat  and  cause  it  to  burn  out.  In  view  of  these  difficulties 
we  concluded  that  straightforward  evaporation  of  NiO  films  was  not 
possible  and  that  other  deposition  techniques  would  have  to  be  used. 

It  should  be  noted  that  regardless  of  the  material  used  as  an 
evaporation  boat,  evaporation  by  resistance  heating  always  results  in  the 
production  of  considerable  heat  in  the  boat  which  can  be  transmitted  by 
conduction  and  radiation  to  the  electrical  leads  used  and  to  other  ad¬ 
jacent  materials.  The  method  is,  thus,  quite  likely  to  cause  impurities 
to  be  evaporated  along  with  the  source  material  when  the  source  material 
evaporates  at  high  temperatures.  We  did  make  attempts  to  evaporate  using 
graphite  resistance  heated  boats  but  found  that  the  electrical  contacts  used 
with  the  graphite  became  quite  hot. 
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B.  Chemical  Transport 

Cech  and  Alessandrini^^  have  shown  that  epitaxial  thin  films  of 
nickel  oxide  can  be  grown  on  MgO  by  decomposition  of  a  nickel  halide 

in  an  atmosphere  of  water  vapor  at  a  temperature  of  about  700®C. 

16  17 

Optical  measurements  and  electrical  measurements  ’  indicate  that 
crystals  grown  by  this  method  are  at  least  as  good  as  those  grown  by 
flame  fusion  techniques.  Furthermore,  there  are  indications that 
the  films  may  have  better  stoichiometry  than  crystals  grown  by  flame 
fusion. 

Our  apparatus  used  to  grow  NiO  by  the  method  of  Cech  and  Alessandrini 
is  shown  in  Figure  2-2.  The  MgO  substrate  and  a  small  quartz  boat 
containing  the  nickel  halide  were  placed  within  a  piece  of  quartz 
tubing  about  one  inch  in  diameter  and  three  feet  long.  Vacuum  tubing 
and  rubber  stoppers  were  used  to  connect  the  quartz  tubing  to  a  water 
aspirator  at  one  end  and  a  small  flask  containing  water  at  the  other  end. 

A  closed  piece  of  glass  tubing  was  used  to  allow  a  thermocouple  to  be 
placed  near  the  substrate.  The  section  of  tubing  containing  the  MgO 
and  nickel  halide  was  heated  by  a  cylindrical  furnace.  By  pumping  on  the 
tubing  with  a  water  aspirator  the  pressure  can  be  lowered  sufficiently 
to  cause  the  water  in  the  flask  to  boil  at  room  temperature.  The  water 
vapor  passes  over  the  nickel  halide  and  reacts  with  the  halide  vapor 
forming  NiO  on  the  MgO  substrate.  The  reaction  is  as  follows: 

NiX2  +  H^O  ->  NiO  +  2HX 

where  X  is  one  of  the  halogens.  Cech  and  Alessandrini  indicate  that  the 
MgO  may  act  as  a  catalyst  for  the  reaction. 
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Several  films  were  made  on  MgO  using  the  halide  nickel  bromide. 

The  procedure  was  to  bring  the  oven  to  'v800°C  with  a  valve  at  the  flask 
closed  so  that  the  quartz  tubing  was  shut  off  from  the  water  vapor 
supply.  Furthermore,  during  the  time  required  for  the  oven  to  heat, 
the  portion  of  the  tubing  containing  the  substrate  and  the  nickel  bromide 

was  not  in  the  oven.  After  the  oven  had  reached  a  temperature  of  ^-SOO'C, 

the  section  of  tubing  containing  the  substrate  and  nickel  bromide  was 

placed  in  the  oven  and  the  water  vapor  was  allowed  to  enter  the  tubing. 

By  putting  several  pieces  of  MgO  in  the  reaction  chamber  at  one  time 
several  films  could  be  made  during  one  run.  We  made  four  or  five  films 
on  MgO  in  two  runs  taking  about  two  hours  each.  In  preliminary  runs  we 
found  that  the  nickel  bromide  tended  to  "pop"  out  of  the  quartz  boat 
and  by  landing  on  the  substrate  cause  the  films  to  look  spotted  when 
observed.  Thus,  we  put  a  piece  of  quartz  over  the  quartz  boat  to 
prevent  chunks  of  NiBr2  from  popping  out.  The  temperatures  given  above 
are  approximate  only  as  the  thermocouple  was  never  actually  in  the  vapor 
stream.  For  the  MgO  films,  we  placed  the  thermocouple  outside  the  quartz 
tube  between  the  tube  and  the  oven  wall.  In  our  later  attempts  to  grow 
films  on  other  substrates,  we  located  the  thermocouple  as  shown  in  Figure 
2-2. 

Films  obtained  in  the  manner  described  above  were  epitaxial  (see 
Figure  2-3  and  Table  2-1)  and  had  optical  spectra  similar  to  that 
measured  by  Newman  and  Chrenko  between  3500  angstroms  and  6000  angstroms 
(see  the  following  chapter).  At  wavelengths  shorter  than  3500  angstroms, 
the  MgO  substrate  material  is  not  transparent.  Thus,  films  on  this 
material  are  not  appropriate  for  transmission  work  in  the  ultraviolet 


or  vacuum  ultraviolet. 
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We  made  numerous  attempts  to  extend  the  above  method  to  lithium 
fluoride  substrates.  Our  first  efforts  were  to  use  the  identical  pro¬ 
cedure  as  used  with  the  MgO.  We  found  that  the  LiF  either  evaporated 
or  reacted  with  HBr  vapor  given  off  in  the  chemical  reaction  of  NiBr2 
and  H^O.  Between  yoO^C  and  BOO^C  as  measured  on  the  thermocouple  the 
LiF  appeared  in  some  cases  to  be  etched  on  the  surface  and  in  others 
it  actually  left  a  deposit  on  the  quartz  tubing.  NaF  did  not  appear 
to  give  any  better  results. 

We  next  used  a  separate  heater  around  the  portion  of  the  quartz 
tube  containing  the  substrate  in  order  that  the  substrate  could  be  kepi 
at  a  lower  temperature  than  the  NiBr^.  In  runs  carried  out  with  the 
substrate  at  about  300°C,  there  was  no  visible  film  formed  on  the  LiF. 

No  optical  scans  of  these  were  made. 

Runs  made  using  Nil^  instead  of  NiBr^  were  also  unsuccessful.  No 
film  was  formed  in  the  runs  at  550-600**C  and  the  substrate  was  slightly 
etched  at  65C®C. 

From  our  experiments,  wc  concluded  that  the  method  of  Cech  and 
Alessandrini  could  not  be  extended  to  substrates  of  LiF.  It  should  be 
pointed  out,  however,  that  there  are  undoubtedly  many  combinations  of 
parameters  which  we  did  not  use.  Furthermore,  in  the  cases  where  we 
indicate  no  film  was  formed  there  is  the  possibility  that  there  was  a  very 
thin  film  present  which  was  sufficiently  transparent  that  it  was  not 
visible.  This  would  be  the  case  if  films  grew  on  LiF  at  a  considerably 
slower  rate  than  on  MgO.  We  did  not  see  sufficient  indications  that 
the  method  might  work  on  LiF,  however,  to  warrant  any  additional  refine¬ 
ments  to  attempt  to  grow  films  with  this  method. 
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C.  Flash  Evaporation 

One  of  the  problems  in  the  ordinary  evaporation  of  compounds  is 
that  one  or  more  elements  may  evaporate  from  the  compound  more  readily 
than  the  others  giving  a  film  containing  an  excess  of  the  element  or 
elements  which  evaporate  first.  In  flash  evaporation  one  attempts  to 
solve  this  problem  by  dropping  small  particles  of  the  compound  onto  a 
surface  held  at  a  temperature  sufficiently  high  to  quickly  evaporate  all 
constituents. 

Our  flash  evaporation  equipment  consisted  of  a  modification  of  the 
scheme  shown  in  Figure  2-1  whereby  NiO  powder  was  dropped  continuously 
onto  the  heated  tungsten  boat.  The  tungsten  boat  was  held  at  a  tempera¬ 
ture  between  1800“  and  2000“C  as  measured  by  an  optical  pyrometer. 

We  fed  the  nickel  oxide  down  a  tantalum  sluice  into  either  a  boron  nitride 
or  carbon  cylinder  which  rested  on  the  tungsten  boat.  The  cylinder  was 
3/4  inch  high  with  a  hole  about  3/8  inch  in  diameter  and  was  about  1/32 
inch  thick.  The  purpose  of  the  cylinder  was  to  keep  the  NiO  from 
bouncing  off  the  tungsten  boat.  Some  films  were  also  made  by  merely 
dropping  the  NiO  down  a  tantalum  sluice  directly  onto  the  boat.  This 
appeared  to  work  reasonably  well,  although  a  moderate  amount  of  NiO  did 
bounce  off  the  tungsten.  The  flash  evaporation  procedure  worked  very 
well  for  evaporating  epitaxial  nickel  films  as  will  be  discussed  later. 

The  NiO  evaporations  were  carried  out  by  dropping  200  mg  of 
powder  onto  the  hot  tungsten  boat  over  a  period  of  twenty  minutes.  In 
some  cases  two  or  even  three  evaporations  onto  the  same  substrate  were 
made  to  obtain  thicker  films.  A  few  films  were  also  made  by  dropping 
500  mg  of  NiO  powder  onto  the  heated  tungsten  over  a  twenty  minute 
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period.  It  should  be  noted  that  not  all  of  the  NiO  evaporated  since 
some  bounced  out  of  the  tungsten  boat  even  when  the  carbon  cylinder 
was  used. 

Several  nickel  films  were  deposited  on  LiF  with  the  substrates 
held  at  450'’C.  Usually  these  films  were  epitaxial,  and  photographs 
of  the  electron  diffraction  patterns  were  used  as  standards  to  give  the 
spacing  of  the  diffraction  pattern  for  nickel.  Similarly,  photographs 
of  the  electron  diffraction  patterns  of  NiO  films  on  MgO  and  PbS  films 
on  NaCl,  KCl  and  CaF^  (Reference  14)  were  used  as  standards  giving  the 
spacing  of  the  diffraction  patterns  for  these  materials.  The  diffraction 
patterns  of  films  grown  by  flash  evaporation  were  compared  with  known 
patterns  of  Ni,  NiO  and  PbS  to  determine  whether  the  films  were  nickel 
or  nickel  oxide.  Table  1  summarizes  the  results. 

From  thtT  electron  diffraction  patterns  of  films  obtained  by 
flash  evaporating  NiO  powder  in  a  vacuum  of  5’  lO'^mm  Hg,  we  concluded 
that  the  flash  evaporation  of  NiO  powder,  in  general,  yields  nickel  films. 
Three  films  deposited  at  5«  lO’^mm  Hg  on  substrates  of  LiF  held  at  450®C 
had  Laue  patterns  with  nickel  spacing.  One  additional  film  showed  a 
Laue  pattern  with  NiO  spacing.  One  film  made  at  a  higher  substrate  temper¬ 
ature  (650®C)  also  had  the  lattice  constant  of  nickel.  A  typical  electron 
diffraction  pattern  of  a  film  made  by  flash  evaporating  NiO  powder  in  a 
vacuum  is  shown  in  Figure  2-4. 

-4 

Flash  evaporation  of  NiO  powder  in  either  air  or  O2  at  'V'2'10  mm  Hg 
with  LiF  substrates  at  500  to  550'’C  in  general  yields  films  with  at  least 
a  faint  Laue  pattern  having  the  spacing  of  NiO.  Usually,  the  diffrac¬ 
tion  patterns  also  contain  rings.  The  intensity  of  the  Laue  pattern  as 
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compared  with  that  of  the  rings  varied  ^rom  film  to  film  even  though 
the  evaporation  conditions  were  nominally  the  same.  A  typical  electron 
diffraction  result  is  shown  in  Figure  2-5.  The  diffraction  patterns 
indicate  that  the  NiO  films  are  not  of  as  high  a  crystalline  quality  as 
the  films  of  other  materials  deposited  in  this  laboratory  (for  example, 
the  PbS  films  discussed  in  Part  One  and  Reference  14).  Furthermore, 
the  rings  in  the  electron  diffraction  patterns  may  be  due  to  impurities 
in  the  films.  Annealing  the  films  in  either  vacuum  or  air  did  not 
significantly  improve  the  diffraction  patterns. 

From  the  optical  transmission  measurements  of  the  flash  evaporated 
films  which  are  discussed  in  the  next  chapter  and  the  electron  diffraction 
patterns  discussed  above  we  concluded  that  the  films  obtained  by  flash 
evaporating  nickel  oxide  in  an  oxygen  atmosphere  were  probably  oriented 
films  of  nickel  oxide.  However,  other  oxides  (probably  tungsten  oxide) 
were  evaporated  and  distorted  the  transmission  curves. 

D.  Electron  Beam  Evaporation  in  O2  Atmosphere 

The  main  problem  with  the  flash  evaporation  appeared  to  be  that 

impurities  were  introduced  in  the  films  from  the  tungsten  boat  and 

related  high  temperature  materials  used  in  heating  the  NiO  to  its  evapora 

tion  point.  The  electron  microscope  patterns  indicated  that  films  of  NiO 

were  probably  being  formed,  however,  when  the  flash  evaporation  was 

18 

carried  out  in  an  O2  atmosphere.  Alessandrini  has  removed  epitaxial  nickel 

films  from  NaCl  substrates  and  converted  the  unsupported  films  to  NiO 

.4 

by  annealing  at  450*’C  in  air  at  about  1 ’10  mm  Hg.  Furthermore  Collins 
19 

and  Heavens  report  that  oriented  NiO  can  be  produced  on  oriented  Ni 
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films  at  temperatures  above  450'’C.  The  above  facts  suggest  that  one 
might  be  able  to  grow  NiO  films  by  evaporating  nickel  in  an  0,  atmos¬ 
phere  . 

Evaporation  by  an  electron  beam  has  the  advantage  that  the  beam 
ii'  striking  the  material  to  be  evaporated  heats  it  directly,  thus 
reducing  the  possiblity  of  evaporating  impurities.  The  apparatus  which 
we  used  is  shown  schematically  in  Figure  2-6.  A  Vaeco  Model  VeB-6 
electron  beam  gun  was  used  at  11  KV.  A  nickel  plate  was  used  as  a 
shield  on  top  of  the  cooled  copper  block  to  minimize  the  possibility 
of  evaporating  even  small  amounts  of  copper.  Both  alumina  and  carbon 
crucibles  were  used  to  hold  globules  of  nickel  metal.  The  beam  was  ad¬ 
justed  such  that  the  crucible  remained  as  cool  as  possible  --  in  any 
event  the  nickel  could  be  heated  considerably  hotter  than  the  crucible. 
The  same  substrate  heater  as  used  with  the  direct  evaporation  and  flash 
evaporation  was  again  used  here. 

The  substrates  were  heated  to  550“C  in  a  vacuum  of  S-.  lO'^mm  Hg  and 

0^  was  then  continuously  Med  into  the  system  to  maintain  a  pressure  of 
-4 

I'lO  mm  Hg.  The  electron  beam  was  adjusted  to  the  desired  intensity, 
and  a  shutter  between  the  source  and  substrate  opened  to  begin  the 
evaporation.  The  evaporation  rate  was  controlled  with  the  electron 
beam  intensity  by  watching  the  molten  pool  of  nickel  formed  and  keeping 
just  below  the  point  at  which  molten  nickel  began  to  pop  out  of  the 
crucible. 

We  first  used  electron  beam  evaporation  with  LiF  substrates  and 
observed  that  the  substrate  surfaces  became  orange  colored  during  the 
evaporation.  To  determine  the  cause  of  the  coloring  we  next  evaporated 
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onto  LiF,  KCl,  NaCl,  and  glass  substrates  simultaneously.  The  LIF 
substrates  were  colored  orange,  whereas  the  other  substrate  materials 
appeared  not  to  be  colored.  These  tests  eliminated  the  possibility 
that  the  coloring  was  due  to  some  impurity  being  evaporated  with  the 
nickel . 

A  LiF  substrate  was  heated  to  550“C  and  the  electron  beam  gun  turned 
on  the  nickel  source  at  a  sufficiently  low  intensity  that  no  nickel 
was  evaporated.  The  LiF  substrate  was  again  colored.  This  test  indicated 
that  the  effect  was  not  associated  with  the  evaporation  of  the  nickel 
but  rather  was  in  some  way  associated  with  the  use  of  the  electron  beam. 
Further  tests  showed  that  the  coloring  was  neither  due  to  nor  in 
the  vacuum  system  and  that  the  coloring  was  more  intense  when  the  sub¬ 
strate  was  heated  than  when  it  was  cold.  A  check  of  a  piece  of  LiF 
used  in  the  x-ray  facility  at  Harvard  in  adjusting  the  x-ray  beam 
indicated  that  the  LiF  did  become  orange  colored  after  prolonged  expos¬ 
ure  to  x-rays.  This  piece,  of  course,  was  cold  when  irradiated  and  the 
x-ray  energy  was  undoubtedly  different  from  that  of  any  x-rays  produced 
in  the  electron  beam  evaporation.  The  above  tests  all  indicate  that  the 
coloring  of  the  LiF  is  probably  due  to  color  centers  prodixi.-d  in  the  LiF 
by  x-rays  created  when  the  electron  beam  hits  the  nickel  source.  The 
optical  spectra  of  the  irradiated  LiF  will  be  discussed  in  the  next 
chapter. 

CaF2  substrate!  were  also  affected  by  x-rays  produced  by  the  elec¬ 
tron  beam,  however  the  effect  was  not  as  great  when  evaporations  were 
made  in  an  O2  atmosphere  as  with  the  LiF  substrates.  The  coloring, 
however,  was  fairly  intense  when  nickel  films  (no  0^  atmosphere)  were 
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evaporated.  No  visible  coloring  occurred  with  BaF2  or  quartz  sub¬ 
strates.  Again  the  optical  spectra  will  be  shown  in  the  next  chapter. 

Several  films  grown  vin  CaF2  with  the  substrate  at  550®C  in  ©2 
at  I'lo  '^mm  Hg  had  Laue  patterns  with  rings.  The  Laue  patterns  had 
the  spacing  of  NiO  (Table  2-1).  The  electron  diffraction  pattern  of  one 
such  film  is  shown  in  Figure  2-7.  The  evaporation  time  for  this  film 
was  eighteen  minutes.  By  making  consecutive  evaporations  onto  the  same 
substrate  we  produced  one  film  with  a  total  cumulative  evaporation  time 
of  three  hours  and  forty  minutes  with  each  separate  evaporation  last¬ 
ing  between  twenty  and  sixty  minutes.  We  took  optical  scans  in  between 
each  evaporation.  It  was  not  possible  to  make  one  evaporation  lasting 
this  long  because  the  vacuum  system  bell  jar  began  to  get  quite  hot 
after  about  one  hour.  The  electron  diffraction  pattern  of  this  film 
as  well  as  those  on  quartz  and  the  one  on  BaF2  showed  only  rings.  As  will 
be  discussed  later,  the  optical  spectra  indicate  that  the  films  were  all 
NiO.  The  inconsistencies  which  we  found  in  the  spectra  can  all  be  ex¬ 
plained  in  terms  of  color  centers  in  the  substrates  and  variations  in 
stoichiometry  between  different  films. 

In  our  procedure,  the  nickel  was  apparently  oxidized  at  the 
source  rather  than  at  the  substrate.  After  each  evaporation  we  noted 
green  nickel  oxide  powder  around  the  region  where  the  electron  beam 
struck  the  nickel.  Furthermore  the  optical  spectra- of  films  grown  on 
glass  microscope  slides  placed  in  the  vacuum  system  but  not  heated  to 
the  substrate  temperature  indicated  that  the  films  were  nickel  oxide  not 
nickel.  The  surface  of  the  nickel  where  Ihe  electron  beam  strikes  is 
probably  oxidized  and  then  the  oxide  subsequently  evaporates. 
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E.  Sputtering 

In  sputtering,  the  source  material  for  the  film  is  bombarded  by 

positive  ions  which  cause  material  to  be  emitted  by  the  source  with 

20  21 

energies  of  the  order  of  10  to  30  eV.  ’  The  molecules  removed 
from  the  source  subsequently  strike  the  substrate  which  is  placed  nearby, 
thus  forming  a  film.  Since  the  method  does  not  require  the  source  to 
be  heated,  it  is  applicable  to  materials  with  high  as  well  as  low  evapor¬ 
ation  temperatures,  and,  as  in  electron  beam  evaporation,  contamination 
from  materials  required  to  heat  the  ..ource  is  not  a  problem.  The  applica¬ 
bility  of  sputtering  to  a  given  material  depends  on  the  conductivity  of 
the  material  rather  than  on  its  vapor  pressure  versus  temperature.  With 
the  use  of  high  frequency  sputtering,  however,  even  good  insulators  can 
be  sputtered.  Sputtered  films  are  frequently  epitaxial  at  lower  sub¬ 
strate  temperatures  than  are  evaporated  films,  since  the  molecules  hit 

the  substrate  with  more  energy  and  hence  have  a  higher  surface  mobility 

20 

than  is  the  case  with  evaporation. 

For  sputtering  we  used  the  R.  D.  Mathis  Model  SP210A  sputtering 
module  modified  to  contain  a  substrate  heater  and  to  allow  the  use  of 
a  smaller  source  target  area.  We  used  a  Welch  model  3101A  turbo- 
molecular  pumping  unit  to  evacuate  the  sputtering  module.  A  schematic 
of  the  sputtering  equipment  is  shown  in  Figure  2-8.  The  sputtering  module 
was  first  pumped  down  to  about  5*10~^mm  Hg.  The  substrate  heater  was 
turned  on  and  the  substrate  brought  to  temperature  as  determined  by  a 
thermocouple  attached  to  the  nickel  plate  holding  the  substrate  and 
heated  from  beneath  by  a  tantalum  wire  coil.  The  current  to  the  tungsten 
filament  was  adjusted  to  about  7.4  amps,  and  the  voltage  to  the  primary 
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anode  was  set  to  about  150  volts.  The  sputtering  gas  which  was  a  mixture 
of  argon  and  oxygen  was  then  introduced  through  the  controlled  leak 
valve  until  an  arc  appeared  getween  the  filament  and  the  primary  anode. 
The  anode  current  which  we  used  was  1.8  amps,  and  the  gas  pressure  dur¬ 
ing  sputtering  was  .9  microns.  Two  magnetic  coils  as  shown  in  the 
schematic  were  provided  to  confine  the  plasma  and  increase  the  plasma 
density.  The  target  voltage  used  was  about  1500  volts. 

Our  films  were  made  by  d.c.  reactive  sputtering.  The  gas  which 
contains  oxygen  is  ionized  and  the  ions  are  drawn  to  the  nickel  source 
target  by  the  negative  1500  volts  applied  to  it.  The  oxygen  molecules 
react  with  the  nickel  prooably  at  the  source  and  NiO  is  then  sputtered 
onto  the  substrate.  We  made  the  plate  holding  the  substrate  out  of 
nickel  to  minimize  the  possibility  of  contamination  by  other  materials. 

Sputtering  colored  the  substrates  in  a  manner  similar  to  electron 
beam  evaporation.  Apparently  color  centers  are  created  by  the  high 
energy  ions  and  electrons  striking  the  substrate  material.  LiF,  for 
example,  became  reddish  brown  when  placed  in  the  unit  with  the  gas  dis¬ 
charge  on  but  the  target  voltage  set  at  zero  to  avoid  sputtering  any 
of  the  source. 

Several  films  were  epitaxial  and  had  the  lattice  constant  of  nickel 
oxide  (Table  2-1).  Figures  2-9,  2-10,  and  2-11  show  the  diffraction 
patterns  of  three  of  the  films.  The  film  in  Figure  2-9  is  on  a  LiF 
substrate  and  was  made  by  sp''.tte-.’ing  for  twenty  minutes  in  a  gas  atmos¬ 
phere  of  20%  O2  and  80%  A  at  .9  microns  (the  gas  was  purchased  premixed). 
The  substrate  was  unheated.  The  film  in  Figure  2-10  was  grown  by 
sputtering  for  forty-five  minutes  in  20%  O2  and  80%  A  at  .9  microns  but 
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with  the  substrate  heated  to  SS0*C.  The  films  in  Figures  2-9  and  2-10 
are  both  on  (100)  faces  of  the  LiF  but  the  electron  beam  in  Figure  2-9 
is  along  a  (100)  direction  whereas  in  Figure  2-10  it  is  along  a  (110) 
direction  --  this  is  the  reason  the  patterns  look  different.  Figure 
2-11  shows  a  film  grown  on  a  (111)  face  of  CaF2.  The  sputtering  para¬ 
meters  for  the  film  in  Figure  2-11  were  the  same  as  for  the  film  in 
Figure  2-10.  In  Figure  2-11  the  electron  beam  is  along  a  (110)  direc¬ 
tion  in  a  (111)  face.  We  would  like  to  point  out  that  our  method  of 
determining  the  lattice  constant  could  not  differentiate  between  the 
lattice  constant  of  LiF  and  NiO.  We,  however,  consider  it  very  unlike¬ 
ly  that  the  patterns  in  Figures  2-9  and  2-10  are  due  to  the  LiF  rather 
than  a  film  on  the  LiF.  The  lattice  constant  measurement  can  easily 
differentiate  between  CaF2  and  NiO,  however,  and  thus  there  is  very 
little  doubt  that  the  pattern  shown  in  Figure  2-11  is  due  to  a  NiO  film. 
It  should  be  noted  that  this  film  has  a  very  clear  distinct  Laue  pattern 
with  very  few  rings. 

We  sputtered  three  films  on  quartz  --  one  in  a  gas  of  20%  O2  and 
80%  A  and  the  other  two  in  10%  O2  and  90%  A.  Only  one  of  these  films 
was  examined  in  the  electron  microscope,  and  its  diffraction  pattern 
showed  broken  rings. 

In  addition  to  the  coloring  of  the  substrates  reported  above,  we 
found  that  the  substrate  surfaces  and  film  surfaces  looked  quite  poor 
on  films  sputtered  for  periods  of  around  three  hours.  We  did  not 
investigate  the  effect  of  moving  the  substrate  further  away  from  the 
source  where,  perhaps,  it  might  be  struck  by  fewer  ions  and  electrons. 
This  could  reduce  both  the  coloring  and  apparent  surface  damage. 
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Our  optical  measurements  indicated  that  the  films  had  spectra  very 
similar  to  the  spectra  of  the  NiO  films  made  by  electron  beam  evaporation. 
Our  measurements  on  the  films  on  quartz  further  indicated  that  the  films 
grovm  in  10%  O2  and  90%  A  were  more  stoichiometric  than  the  films  grovm 
in  20%  O2  and  80%  A.  Two  films  sputtered  in  pure  O2  (during  the  same 
sputtering  run  but  on  different  substrates)  did  not  h?.i^e  sharp  edges 
at  3500  angstroms.  The  optical  spectra  will  be  discussed  in  decail  in 
the  next  chapter. 

F.  Oxidation  of  Nickel  Films 

One  common  way  of  obtaining  metallic  oxides  for  physical  measure¬ 
ments  is  to  deposit  a  film  of  the  metal  and  then  oxidize  this  film  by 
heating  in  an  O2  or  air  atmosphere.  Optical  measurements  made  on  NiO 
films  produced  in  this  manner  have  been  reported  in  References  16  and  22. 
The  films  were  on  quartz  substrates  and  were  polycrystalline. 

We  oxidized  several  films  of  nickel  on  LiF,  starting  with  oriented 
nickel  films  rather  than  amorphous  or  polycrystalline  ones.  We  deposited 
the  nickel  films  both  by  direct  evaporation  and  by  flash  evaporation. 

The  substrate  temperature  in  each  case  was  450“C.  In  the  ordinary  evapor¬ 
ations  we  wrapped  nickel  foil  around  tungsten  filaments.  We  deposited 
several  films  in  this  manner,  however  we  had  considerable  difficulty 
with  the  nickel  alloying  with  the  tungsten  and  causing  the  filaments  to 
melt.  We  found  that  flash  evaporation  worked  much  better.  In  this  we 
dropped  300  mg.  of  nickel  powder  onto  a  tungsten  boat  heated  to  1650°C 
as  measured  by  an  optical  pyrometer.  The  evaporation  time  was  twenty 
minutes.  We  found  only  a  slight  tendency  of  the  nickel  to  alloy  with  the 
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tungsten  boats.  Usually  a  tungsten  boat  could  be  used  for  several 
evaporations  before  burning  out.  A  typical  electron  diffraction  pattern 
of  a  nickel  film  is  shown  in  Figure  2-12.  This  pattern  shows  some  ring 
structure  in  addition  to  the  Laue  pattern.  We  also  had  some  films  with 
a  considerably  less  intense  ring  pattern. 

We  oxidized  one  film  in  O2  at  approximately  300“C  for  three  hours 
and  a  second  in  O2  at  approximately  500°C  for  eight  hours.  The  diffrac¬ 
tion  patterns  of  these  films  showed  only  rings  after  oxidation. 

We  made  optical  scans  of  films  oxidized  at  atmospheric  pressure  and 
-4 

of  one  oxidized  at  2*10  mm  Hg.  The  optical  results  indicated  that  the 
oxidized  films  varied  considerably  in  stoichiometry. 

Our  somewhat  cursory  attempts  at  oxidizing  nickel  films  did  not 
indicate  much  promise  that  epitaxial  films  could  be  made  by  any  improve¬ 
ments  of  the  method.  One  could,  however,  by  studying  the  effects  of 
various  oxidation  parameters  in  more  detail  probably  find  parameters 
which  would  give  reasonably  stoichiometric  films.  The  films  would 
probablv  be  polycrystalline  and  contain  considerable  local  strain. 

G.  Conclusion 

In  this  chapter  we  have  discussed  several  methods  which  we  have 
investigated  for  producing  epitaxial  nickel  oxide  films,  indicating  the 
significant  problems  encountered  with  each.  Again,  we  would  like  to  point 
out  that  there  remain  many  variations  which  we  did  not  attempt.  Our 
discussion,  however,  should  give  a  good  indication  of  the  effects  of  al 
least  some  of  the  important  parameters.  Our  work  indicates  that  evapora¬ 
tion  of  nickel  in  an  oxygen  atmosphere  and  reactive  sputtering  are  the 
most  promising  methods  for  depositing  films  on  LiF  and  CaF2.  Either  method 
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should  give  good  optical  quality  films  if  the  problems  caused  by  color 
centers  can  be  solved.  One  possibility  is  the  use  of  either  a  laser 
beam  or  induction  heating  to  evaporate  the  nickel  in  an  O2  atmosphere. 

Our  work  further  indicates  the  importance  of  careful  control  of 
deposition  parameters  and  care  in  not  introducing  impu’^ities  onto  the 
films.  In  order  to  get  reliable  optical  measurements,  as  many  checks  as 
possible  should  be  m?;  le  to  insure  the  spectra  are  not  affected  by  impur¬ 
ities,  lack  of  stoichiomecry  poor  crystalline  quality,  or  absorption 
bands  in  the  substrate. 
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HEMATIC  OF  CHEMICAL  TRANSPORT  APPARATUS 


FIG.  2-3  ELECTRON  DIFFRACTION  PATTERN  OF  A  NIO  FILM  GROWN 


BY  VAPOR  DEPOSITION  ON  A  MgO  SUBSTRATE. 


V 


nc.  2-4  ELECTRON  OIFmCTION  PATTERN  OP  A  FILM  GROWN  ON 
LIP  BY  PLASH  EVAPORATING  NIO  POWDER  IN  A  VACUUH 
OP  5.10"®b«  Hg.  THE  EVAPORATKW  TIME  WAS  TWENTY- 


TWO  MINUTES. 


FIG.  2 


5  ELECTRON  DIFFRACTION  PATTERN  OF  A  FILM  CROWN  ON 
LIF  BT  FLASH  EVAPORATING  NIO  POWDER  IN  AN  0^  AT¬ 
MOSPHERE  OF  2.10  Hg.  THE  EVAPORATION  TIME 


WAS  FORTY  MINUTES. 


FIG.  2-6  SCHEMATIC  OF 


TANTALUM  WIRE  HEATER 


FIG.  2-7  ELECTRON  DIFFRACTION  PATTERN  OF  A  HIM  GROWN  ON 
CaFj  BY  ELECTRON  BEAM  EVAPORATION  OF  N1  IN  AN  Oj 
ATMOSPHERE  OF  l.IO  Hg.  THE  EVAPORATION  TIME 
WAS  EIGHTEEN  MINUTES. 


FIG.  2-8  SCHEMATIC  OF  SPUTTERING  EQUIPMENT 


FIG.  2-9  ELECTRON  DIFFRACTION  PATTERN  OF  A  FILM  GROWN  ON 

LIF  BY  SPUTTERING  N1  IN  A  20Z  O^.  BOX  A  ATMOSPHERE 
OF  .9  MICRONS.  THE  SPUTTERING  TIME  WAS  TWENTY 


MINUTES. 


FIG. 


2-10  ELECTRON  DIFFRACTION  PATTERN  OF  A  FILM  GROWN  ON 

LIF  BY  SPinTERING  N1  IN  A  20Z  O^,  80Z  A  ATMOSPHERE 
OF  .9  MICRONS.  THE  SPUTTERING  TIME  HAS  FORTY- 


FIVE  MINUTES. 


FIG.  2-11  ELECTRON  DIFFRACTION  PATTERN  OF  A  FILM  GROWN  ON 

CaFj  BY  SPUTTERING  Nl  IN  A  20Z  O^,  BOX  A  ATMOSPHERE 
OF  .9  MICRONS.  THE  SPimERING  TIME  WAS  FORTY- 


FIVE  MINUTES. 


FIG.  2-12  ELECTRON  DIFFRACTION  PATTERN  OF  A  N1  FILM  CROWN 

ON  LIF  BT  FLASH  EVAPORATING  N1  POWDER  IN  A  VACUUM. 
THE  EVAPORATION  TIME  WAS  TWENTT  MINUTES. 
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Chapter  Three 


OPTICAL  RESULTS 

A.  Description  of  Equipment 

Both  reflectivity  and  transmission  measurements  were  made  on  films. 
For  these,  three  different  optical  systems  were  used  --  a  Cary  14  spectro¬ 
meter,  a  Jarrel  Ash  82-000  Ebert  Monochrometer,  and  a  McPherson  model  225 
vacuum  spectrometer. 

The  majority  of  the  transmission  measurements  were  made  with  the  use 
of  the  Cary  14.  A  sample  holder  was  fabricated  to  hold  the  1  cm.  by  1  cm. 
film  samples  in  the  normal  Cary  14  sample  cell  chamber.  The  sample  always 
was  placed  where  the  beam  was  smallest,  however,  even  then  the  beam  covered 
an  area  about  .  2  cm  on  a  side.  We  always  attempted  to  position  the  sample 
such  that  the  transmission  measurements  were  made  on  the  best  portion  of 
the  film  surface.  The  sample  holder  arrangement  did  not  allow  for  a  great 
deal  of  freedom  in  adjusting  the  position  of  the  sample  in  the  beam,  thus, 
one  would  expect  pinholes  and  cleavage  planes  to  have  had  some  effect 
on  the  measurements.  Since  the  slit  width  and  thus,  the  beam  size  varies 
with  wavelength  in  the  Cary  instrument  there  is  the  possibility  that  the 
structure  of  the  transmission  can  be  distorted  somewhat  as  the  beam  moves 
on  to  or  off  of  areas  of  the  film  having  pinholes  or  cleavage  planes. 

The  optical  system  using  the  Jarrel  Ash  82-000  instrument  was  used 
for  both  reflectivity  and  transmission  measurements.  This  system  is 
fully  described  in  References  1  and  2  as  well  as  Part  one  and  will  not 
be  discussed  further  here. 

At  wavelengths  smaller  than  about  2200  angstroms  the  McPherson  Model 
225  vacuum  spectrometer  was  used  in  conjunction  with  the  optics  shown  in 
Figure  3-1.  The  system  shown  was  enclosed  in  a  \mcuum  tight  container 
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which  was  pumped  out  through  the  McPherson.  The  phototube  was  an  RCA 
1P21  with  a  sodium  salycilate  coated  glass  microscope  slide  in  front 
of  the  cathode.  The  tube  was  rotated  in  front  of  the  sample  for  reflec 
tivity  measurements  and  behind  the  sample  for  transmission  measurements 
The  sample  was  moved  out  of  the  beam  when  detecting  I^.  The  sample 
was  near  the  beam  focus  and  thus  the  beam  area  was  quite  small  ('vl  mm, 
on  a  side)  .  The  position  of  the  sample  could  be  adjusted  such  that 
the  beam  struck  the  best  portion  of  the  sample  surface. 

A  hydrogen  lamp  (Figure  3-2)  with  a  LiF  window  was  attached  to 
the  entrance  slit  assembly  of  the  spectrometer.  The  arc  was  maintained 
between  two  aluminum  electrodes  separated  by  a  hollow  ceramic  insula¬ 
tor.  The  electrode  nearest  the  entrance  slit  was  hollow  thus  allowing 
the  light  to  pass  on  to  the  slit.  The  lamp  was  operated  at  about 
3  mm  Mg  with  a  continuous  flow  of  hydrogen  gas.  The  power  source  was 
a  voltage  regulated  D.C.  supply  delivering  about  300  ma  at  about 
2200  \olts  across  a  ballast  resistor  in  series  with  the  lamp.  The 
light  source  and  optical  system  were  designed  by  Larry  Ladd  of  this 
laboratory . 

The  recording  electronics  used  with  the  McPherson  are  shown  in 
Figure  3-3.  The  chopper,  positioned  at  the  exit  slit,  was  an  electric¬ 
ally  driven  tuning  fork  with  attached  shutters  and  was  manufactured 
by  American  Time  Products.  The  unit  was  designed  for  200  c.p.s.  and 
had  a  reference  signal  which  could  be  directly  applied  to  the  P.A.R. 
Lock-In  Amplifier.  This  type  of  chopper  was  small  and  compact  and  was 
placed  inside  the  vacuum  chamber.  The  remaining  phase  sensitive 
detection  equipment  and  recorder  are  fairly  standard. 
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We  originally  detected  the  light  by  recording  the  d.c.  output  of 
the  phototube  directly  on  the  Brush  Recorder.  This  worked  reasonably 
well  except  that  it  was  necessary  to  subtract  the  dark  current  from 
the  total  signal.  The  addition  of  the  chopper  criminated  the  dark 
current  problem  and  allowed  higher  amplifications.  The  higher  ampli¬ 
fications  in  turn  permitted  smaller  slit  widths.  The  light  source  drifted 
continually  downward  apparently  due  to  the  accumulation  of  aluminum  on 
the  LiF  window.  Our  measurements  were  made  taking  an  run  before  and 
after  the  (or  run.  The  two  runs  were  then  averaged  to 
correct  for  the  drift.  We  found  it  necessary  to  use  slit  widths  of 
up  to  1  mm. 

B.  Transmission  Results 

Figure  3-4  shows  the  transmission  spectra  of  several  substrates 
chosen  randomly  from  the  substrate  material  used  in  growing  the  films. 

The  curves  indicate  quite  clearly  that  neither  glass  or  MgO  is  usable 
at  wavelengths  much  below  3500  angstroms.  The  MgO  (obtained  from 
Norton  Co.)  transmits  only  about  70*6  in  the  wavelength  region  where 
it  is  nominally  transparent.  The  CaF^  shows  negligible  structure  in 
the  region  where  measurements  were  made  and  the  quartz  is  quite  good 
to  2500  angstroms,  showing  only  a  slight  fall  off  at  2200  angstroms. 

Two  LiF  substrates,  one  cleaved  and  the  other  polished,  were 
scanned  down  to  ^250  angstroms.  Both  pieces  showed  a  considerable 
drop  in  transmission  in  the  vacuum  ultraviolet.  The  polished  piece 
also  showed  structure  near  2000  angstroms.  Apparently  some  of  the  LiF 
which  we  obtained  had  impurities  in  it  since  the  third  piece  scanned 
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only  to  2000  angstroms  also  showed  a  dip  at  this  wavelength.  Some 
(not  all)  of  the  films  grown  by  flash  evaporation  which  were  scanned 
into  the  vacuum  ultraviolet  showed  structure  at  2000  angstroms  which 
we  believe  to  be  due  to  the  substrate  material. 

Figures  3-5  and  3-6  show  the  spectra  of  two  films  of  different 
thickness  grown  on  MgO  by  the  chemical  transport  method  described 
in  Chapter  2.  The  structure  is  due  to  transitions  between  the  cry¬ 
stal  field  split  d  levels  and  agrees  quite  well  with  the  results  of 
Newman  and  Chrenko.^  (See  also  Figure  1-4,  which  shows  the  results 
of  Newman  and  Chrenko) .  Both  films  were  epitaxial  having  the  cubic 
pattern  shown  in  Figure  2-3.  These  films  on  MgO,  of  course,  are  useless 
for  measurements  at  wavelengths  less  than  3500  angstroms  as  can  be  seen 
from  Figure  3-4.  They  do  serve  as  a  standard  of  comparison  for  some 
of  the  results  to  be  discussed  later. 

Figure  3-7  shows  a  transmission  spectrum  of  a  film  grown  on  LiF 
by  flash  evaporating  NiO  in  an  O2  atmosphere.  Three  separate  evapora¬ 
tions  lasting  twenty  minutes  each  were  used.  The  0^  pressure  was 
2-10  “^mm  Hg  and  the  substrate  temperature  was  575‘’C.  The  film  is 
transparent  in  the  visible  and  absorbs  in  the  ultraviolet  as  one 
expects  for  NiO.  However,  Figure  3-8  shows  the  transmission  of  a  film 

madeby  heating  a  tungsten  boat  to  1850®C  (SO^C  above  the  temperature 
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used  in  the  flash  evaporations)  for  one  hour  in  0^  at  2-10  mm  Hg.  One 
can  see  that  the  transmission  falls  in  the  same  general  manner  as  that 
of  the  film  in  Figure  3-7.  From  this  we  concluded  that  (’her 
materials  (probably  tungsten  oxide)  were  being  evaporated  in  suffi¬ 
cient  quantities  to  significantly  affect  the  optical  measurements. 

Figure  3-9  shows  the  optical  spectra  of  four  nickel  films  on  LiF. 
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The  films  were  grown  by  flash  evaporation  with  substrate  temperatures 
of  450°C.  In  most  cases  this  appeared  to  give  epitaxial  films 
(see  Figure  2-12  in  Chapter  2),  however,  in  some  cases  films  grown 
in  this  manner  were  pbjycrystalline.  Only  one  of  the  films  in  Fig¬ 
ure  3-9  (the  thinnest)  was  checked  with  the  electron  microscope  and 
this  one  happened  to  be  polycrystalline.  We  later  oxidized  the  films 
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in  Figure  3-9  and  were  concerned  that  use  of  the  electron  microscope 
might  color  the  LiF  substrates  thus  interfering  with  the  optical 
measurements  of  the  oxidized  films.  During  our  work  we  did  not  in¬ 
vestigate  the  effect  of  the  sample  crystallinity  on  the  transmission 
spectra  of  the  nickel  films.  Our  main  interest  in  these  films  was 
to  demonstrate  the  distinct  difference  of  the  spectra  of  Ni  films  with 
our  NiO  films.  One  sample  in  Figure  3-9  shows  a  somewhat  different  shape 
from  the  other  three.  This  difference  may  be  due  to  some  oxide  impurity 
in  the  film.  The  shift  in  the  minimum  at  2300  angstroms  could  also  be 
due  to  the  dip  in  transmission  near  2000  angstroms  which  appeared  in 
some  of  the  LiF  substrates  (see  Figure  3-4).  The  abso’.-ption  coeffici- 

4 

ent  of  nickel  derived  by  Ehrenreich,  Philipp,  and  Oleclma  from  a 
Kramers  Kronig  analysis  of  the  reflectivity  of  nickel  is  shown  in 
Figure  3-9A  along  with  the  measured  reflectivity.  The  transmission  of 
the  films  in  Figure  3-9  agrees  well  with  the  absorption  constant.'Shown 
in  Figure  3-9A  except  at  wavelengths  less  than  1500  angstroms.  The  dis¬ 
agreement  at  short  wavelengths  is  undoubtedly  due  to  the  fall  off  of 
the  transmission  of  the  LiF  substrate  (see  Figure  3-4) . 

Figure  3-10  shows  the  ultraviolet  and  vacuum  ultraviolet  trans¬ 
mission  spectrum  of  one  of  the  films  grown  by  flash  evaporating  NiO 
in  a  vacuum  of  3' lO'^mm  Hg.  The  electron  diffraction  pattern  of  this 
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film  had  the  spacing  of  nickel.  The  spectrum  appears  to  be  similar 
to  that  of  the  nickel  films  except  near  2S00  angstroms  where  second  order 
grating  reflections  distort  the  measm-ements .  It  should  be  noted  that 
the  film  made  bv  flash  evaporating  NiO  in  O2  as  well  as  all  the  films  of 
NiO  which  will  be  discus.sed  shortly  have  transmissions  which  fall  as  one 
goes  from  2500  angstroms  to  2000  angstroms  in  contrast  to  the  film  of 
Figure  3-10. 

Figure  3-11  shows  the  transmission  spectra  of  three  of  the  films 

in  Figure  3-9  after  they  were  oxidized.  The  sample  numbers  in  Figures 

3-9  and  3  11  are  the  same.  Sample  1  was  oxidized  at  550“C  for  two 

-4 

hours  in  O2  at  2-10  mm  Hg,  and  Samples  2  and  3  were  oxidized  for  three 
hours  in  a  strerjn  of  oxygen  at  300"C  and  room  pressure.  The  three 
samples  show  an  absorption  edge  beginning  at  3500  to  3800  angstroms 
and  a  further  onset  of  absorption  at  2200  to  2500  angstroms.  The 
oxidized  films  have  spectra  considerably  different  from  those  of  the 
nickel  films  --  in  particular  they  are  considerably  more  transparent 
between  3500  aid  6500  angstroms  and  show  quite  different  behavior  between 
2000  and  2500  angstroms.  The  film  made  by  flash  evaporating  .N'iO  in  an 
0,  atmosphere  has  a  transmission  spectrum  (Figure  3-7)  similar  to  that 
of  Sample  2  in  Figure  3-11  except  that  the  change  in  slope  at  3000  ang¬ 
stroms  is  much  less  evident  in  the  film  made  by  flash  evaporation.  The 
differences  in  the  three  spectra  of  Figure  3-11  indicate  that  the  optical 
properties  of  films  made  by  oxidizing  a  metal  depend  considerably  on  the 
method  of  oxidation.  The  differences  are  probably  due  to  variations  in 
stoichiometry  and  imply  that  oxidized  metal  films  can  probably  not 
be  used  to  obtain  accurate  optical  data  for  the  metallic  oxide.  The  use 
of  oxidized  metal  films  to  obtain  optical  information  has  been  fairly 
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common  --  for  example,  References  3  and  5  report  transmission  measure¬ 
ments  made  on  oxidized  nickel  films  and  Reference  6  reports  measurements 
for  oxidized  magnesium  films. 

Figure  3-12  demonstrates  the  color  snter  problem  encountered 

with  the  LiF  when  we  used  the  electron  beam  gun  for  evaporation.  Sample 

5  is  a  film  made  by  evaporating  nickel  in  an  atmosphere,  of  oxygen 
-4 

at  2’ 10  mm  Hg  for  ten  minutes  onto  a  substrate  at  550“C.  This  was 

one  of  the  first  films  we  made  using  the  electron  beam  gun  and  the 

evaporation  rate  was  quite  low  compared  to  what  we  used  later,  thus,  very 

little  nickel  was  evaporated.  The  substrate  looked  as  if  an  orange 

film  had  been  deposited.  As  described  in  Chapter  2,  we  next  deposited 

simultaneously  on  LiF,  KCl  and  glass  and  found  that  only  the  LiF 

became  colored.  Sample  6  in  Figure  3-12  is  a  LiF  substrate  which  was 

•"6 

held  at  550‘C  in  a  vacuum  of  3‘ 10  mm  Hg  while  the  electron  beam  gun  was 
operated  at  an  intensity  lower  than  that  necessary  to  evaporate  the 
nickel  source.  The  electron  beam  gun  was  on  for  thirty  minutes  while 
the  shutter  in  the  evaporation  apparatus  was  open.  Again  the  substrate 
surface  was  orange  colored  --  apparently  due  to  either  x-rayv  crtated 
when  the  beam  hit  the  nickel  source  or  due  to  electrons  scattered  onto 
the  substrate  by  the  source. 

Samples  7  and  8  in  Figure  3-13  are  films  made  by  evaporating  nickel 

-4 

in  an  atmosphere  of  0^  at  !•  10  mm  Hg  onto  substrates  of  CaF2 .  The 
evaporation  times  were  twenty  and  ten  minutes  respectively  and  the  sub¬ 
strate  temperatures  were  SSO^C.  It  should  be  noted  that  the  evaporation 
rate  varied  both  during  a  run  and  between  runs  since  it  was  controlled 
only  by  keeping  the  electron  beam  intensity  such  that  a  small  pool  of 
molten  nickel  existed  around  the  point  where  the  beam  struck  the  nickel 
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source.  Films  grown  in  this  manner  had  diffraction  patterns  showing 
Laue  spots  (with  NiO  spacing)  in  combination  with  rings  or  twinning. 

The  pattern  of  one  such  film  is  shown  in  iigure  2-7. 

The  films  in  Figure  3-13  show  the  edge  typical  of  .N'iO  beginning 
in  the  region  near  3750  angstroms.  They  also  show  the  fall  in  trans¬ 
mission  beginning  at  '-2300  angstroms  which  we  found  in  almost  all 

other  NiO  films.  The  minimum  at  3000  angstroms  is  probably  due  to 

2 

the  minimum  in  (1-R)  which  occurs  in  NiO  at  3100  angstroms  (see 

Figures  3-36  and  3-39)  in  combination  with  the  increasing  absorption 

constant  as  one  goes  to  shorter  wavelengths.  A  minimum  in  transmission 

would  be  expected  only  in  the  very  thin  films  where  the  transmission 

2 

depends  more  on  (1-R)  than  on  the  absorption. 

Figure  3-14  shows  the  results  of  transmission  measurements  made 
between  successive  evaporations  onto  the  same  CaF,  substrate.  The 
evaporations  were  again  made  using  the  electron  beam  gun  on  a  nickel  metal 
source  in  0,  at  1-  10  nun  llg.  The  substrate  temperature  was  550®C 
and  the  cumulative  evaporation  time  (lowest  transmission  in  Figure  3-14) 
was  three  hours  and  forty  minutes.  The  transmission  spectra  show  a  sharp 
edge  beginning  between  3730  and  3“00  angstroms  which  shifts  with  thick¬ 
ness  due  to  interference.  The  two  thinnest  films  showed  small  dips 
in  the  transmission  near  3800  angstroms  which  could  be  due  to  the  d  level 
absorption  seen  at  this  wavelength  in  films  grown  on  MgO  by  vapor  de¬ 
position.  Unfortunately  the  interftrence  fringes  made  it  impossible  to 
determine  whether  there  was  an  absorption  at  3800  angstroms  in  the 
thicker  f'lms.  It  should  be  noted  that  the  film  remains  quite  trans¬ 
parent  at  wavelengths  greater  than  4000  angstroms  as  the  film  thickness 
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is  increased.  Newman  and  Chrenko  (Reference  3)  have  shown  that  the 
transparency  of  NiO  at  wavelengths  less  than  ''-4000  angstroms  is  asso¬ 
ciated  with  good  stoichiometry. 

Figure  3-15  compares  the  transmission  spectrum  of  a  film  grown  on 
MgO  by  vapor  deposition  with  that  of  the  thickest  film  of  Figure  3-14. 
Aside  from  the  interference  fringes  in  the  film  grown  by  electron 
beam  evaporation  the  transmission  spectra  are  very  similar.  The  inter¬ 
ference  fringes  make  it  impossible  to  determine  whether  any  faint  d  level 
absorptions  are  present  in  the  film  on  CaF^.  The  only  electron  diffrac¬ 
tion  measurement  made  on  the  thick  film  on  CaF^  was  made  after  the  last 
evaporation.  This  pattern  showed  sharp  rings.  Other  thinner  films 
grown  by  the  same  method  showed  a  Laue  pattern  with  NiO  spacing  and 
rings.  We  feel  that  the  electron  diffraction  results  and  the  spectra^ 
shown  in  Figures  3-14  and  3-15  indicate  that  the  films  grown  by 
evaporating  Ni  in  an  0^  atmosphere  are  NiO  of  reasonably  good  quality. 

Figure  3-16  shows  the  NiO  edge  of  the  thickest  film  in  Figure  3-14 
plotted  against  energy  on  an  expanded  scale.  These  data  were  taken 
on  the  Cary  14.  As  indicated  previously  some  distortion  of  the  edge 
shape  may  occur  when  using  the  Cary  14  as  a  result  of  the  beam  size 
changing  with  wavelength.  The  possibility  of  distortion  of  the  trans¬ 
mission  r'lrve  occurs  because  the  beam  can  move  on  to  or  off  of  areas  of 
the  film  having  either  pinholes  or  cleavage  planes. 

When  making  evaporations  using  the  electron  beam  gun  we  frequently 
placed  a  glass  microscope  slide  on  the  evaporation  apparatus  such  that 
material  being  deposited  on  the  ordinary  heated  substrate  would  also  be 
deposited  on  the  glass  slide.  The  glass  slides  were  not  intentionally 
heated,  but  their  location  was  such  that  they  received  some  heat  from 
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the  substrate  heater.  Their  tenperaturc  was  probably  of  the  order  of 

lOO^C.  The  transmission  spectra  of  films  deposited  on  two  such  slides 

-4 

are  shown  in  Figure  3-17.  The  evaporations  were  in  0,,  at  I'lO  mm  llg. 
These  films  again  show  breaks  at  angstroms  and  have  the  same 

general  shape  as  the  NiO  films  on  MgO.  This  fact  indicates  that  the 
deposition  of  N'iO  does  not  depend  upon  the  substrate  being  heated  to 
55n®C.  As  we  indicated  in  Chapter  2,  we  noted  after  each  evaporation 
that  a  good  deal  of  green  NiO  powder  was  left  on  the  nickel  source 
around  the  area  where  the  electron  beam  struck  the  source.  We  feel 
that  this  and  the  fact  that  NiO  was  apparently  deposited  on  the  glass 
slides  at  temperatures  much  lower  than  the  550®C  used  for  the  sub¬ 
strates  are  consistent  with  a  hv'pothesis  that  NiO  is  formed  at  the  source 
and  then  evaporated.  Our  e'  eriments,  we  should  point  out,  are  by  no 
means  conclusive  on  this  point.  Ke  saw  no  evidence  of  d  level  absorp¬ 
tion  in  the  films  on  glass.  This  could  be  due  to  either  the  films 
being  too  thin  or  due  to  lack  of  order  in  the  films.  We  strongly  sus¬ 
pect  it  is  the  latter. 

The  upper  part  of  Figure  3-18  shows  the  transmission  of  a  CaF^ 
substrate  which  was  heated  to  550®C  while  the  electron  beam  gun  was 
turned  on  to  the  nickel  source  at  an  intensity  below  that  required  for 
evaporation.  The  electron  beam  gun  was  left  on  in  this  manner  for  two 
hours.  Upon  removing  the  substrate  material  from  the  vacuum  system  we 
observed  that  it  had  a  faint  bluish  tinge.  The  CaF^  apparently 
colored  slightly  by  either  x-rays  or  scattered  electrons  from  the  elec¬ 
tron  beam  gun.  Several  other  CaF2  pieces  were  also  observed  to  become 
bluish  when  the  electron  beam  gun  was  held  at  a  low  intensity  --  only  the 
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one  in  Figure  3-18  was  scanned,  however.  We  feel  that  in  the  other 
cases  at  least  some  nickel  was  evaporated.  We  do  not  think  that  nickel 
was  evaporated  in  the  case  of  the  raF2  in  Figure  3-18,  although,  of  course, 

trace  amounts  could  have  reached  the  CaF2. 

We  were  somewhat  puzzled  by  the  fact  that  the  CaF2  used  when 

evaporating  Ni  in  02  apparently  did  not  become  colored.  We  thus  annealed 
the  CaF2  in  Figure  3-18  at  550®C  for  fifteen  minutes  in  O2  at  !•  10  mm 
Hg.  An  optical  scan  of  the  substrate  material  after  annealing  in  the 
O2  is  shown  in  the  lower  part  of  Figure  3-18.  As  can  be  seen  it  appears 
that  the  absorption  near  5700  angstroms  was  reduced  by  annealing  in 
the  O2. 

Figure  3-19  shows  a  film  made  by  evaporating  nickel  onto  CaF2 
at  4S0®C  in  a  vacuum  of  3-10"^  mm  Hg  using  the  electron  beam  gun. 

This  film  shows  a  very  strong  absorption  near  5500  angstroms  which  is 
not  present  in  the  nickel  films  made  by  flash  evaporation  on  LiF 
(Figure  3-9).  The  film  shown  in  Figure  3-20  on  glass  (also  made  b” 
electron  beam  evaporation)  does  not  show  a  dip  at  5500  angstroms  but 
shows  the  same  behavior  as  the  films  in  Figure  3-9.  The  glass  was 
not  heated  to  550‘’C  but  was  probably  more  nearly  at  100®C.  We  did  not 
attempt  to  isolate  the  cause  of  the  structure  in  Figure  3-19  although 
several  further  observations  were  made.  The  film  in  Figure  3-19  as 
well  as  one  other  film  evaporated  onto  CaF2  at  550®C  with  the  electron 
beam  gun  looked  slightly  violet  to  the  eye  --  one  looked  bluish  violet 
and  the  other  more  reddish  violet.  Another  film  evaporated  onto  CaF2 
at  room  temperature  did  not  appear  at  all  colored.  This  latter  film 
still  did  not  appear  colored  even  after  it  was  heated  to  550“C  for 
thirty  minutes  in  a  vacuum.  It  is  unlikely  that  the  coloring  and 
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structure  in  F'igure  3-19  are  due  to  an  impurity  present  only  during  one 
or  two  runs  aiid  not  other  runs  made  with  the  electron  beam  gun.  The 
effect  is  apparently  not  due  solely  to  x-rays  since  it  does  not  appear 
in  the  films  made  by  evaporations  of  nickel  in  O^.  We  hypothesize  that 
it  is  due  to  nickel  contamination  of  the  heated  CaF^  in  combination 
with  the  radiation  from  the  electron  beam  gun. 

Figures  3-18  and  3-19  again  indicate  that  the  substrati,  can  have 
an  effect  on  the  optical  results.  The  effect  on  the  results  when 
nickel  is  evaporated  in  0^  appears  to  be  rather  small,  but  the  effect  on 
the  one  film  of  nickel  deposited  in  vacuum  which  was  scanned  is  quite 
large. 

Figures  3-21  and  3-22  show  the  transmission  results  for  two  films 

made  by  evaporating  nickel  onto  substrates  at  550°C  in  0^  at  l*10’^mm 

Hg.  The  film  in  Figure  3-21  is  on  quartz  and  that  in  Figure  3-22  is 

on  BaF^.  The  structure  in  the  two  transmission  curves  agrees  quite  well 

and  appears  to  be  quite  similar  to  that  of  the  majority  of  the  films 

made  by  reactive  sputtering  which  will  be  discussed  shortly.  The  minimum 

near  3000  angstroms  seen  in  the  results  shown  in  Figure  3-13  is  not 

present  in  Figures  3-21  and  3-22  probably  due  to  the  fact  that  the 

absorption  in  the  thicker  films  of  Figures  3-21  and  3-22  dominates 
2 

the  (1-R)  in  determining  the  shape  of  the  transmission.  The  films  made 
by  oxidizing  nickel  (Figure  3-11)  do  not  have  structure  very  different 
from  that  of  Figures  3-21  and  3-22  considering  the  differences  among  the 
films  in  Figure  3-11. 

The  films  in  Figures  3-21  and  3-22  are  both  polycrystalline 
whereas  some  of  the  sputtered  films  appeared  to  bn  epitaxial.  Iloi/ever, 
iiulgiii;  '  foi  the  "sharpness"  of  the  absorption  beginning  near  3  'Sii  angstroms 
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and  the  transparency  at  long  wavelengths,  the  films  are  probably  reason¬ 
ably  stoichiometric.  The  film  on  quartz  appears  to  be  quite  transparent 
at  long  wavelengths,  however,  the  greater  absorption  at  long  wavelengths 
of  the  film  on  BaF2  may  be  due  in  part  to  irradiation  of  the  substrate 
material  rather  than  to  the  film.  The  transmission  of  the  films  on 
quartz  was  not  corrected  for  the  small  drop  in  transmission  of  the 
substrate  occurring  at  short  wavelengths  and  shown  in  Figure  4.  This 
drop  in  transmission  is  considerably  less  than  that  shown  for  the  films 
on  quartz. 

In  the  films  grown  by  electron  beam  evaporation,  we  did  not  see 
any  modification  of  structure  in  transmission  curves  which  could  be 
attributed  to  impurities  being  evaporated  with  the  nickel.  As  pointed  out 
in  Chapter  2,  the  nickel  was  always  hotter  than  the  crucible  holding  it 
since  the  beam  heated  the  nickel  directly.  A  carbon  crucible  was  used 
to  hold  the  nickel  when  the  film  in  the  upper  part  of  Figure  3-13  was 
evaporated  and  during  the  first  evaporation  on  the  film  shown  in 
Figure  3-14.  For  the  other  evaporations,  an  alumina  crucible  was  used. 
During  the  third  and  fifth  evaporations  on  the  film  in  Figure  3-14,  the 
alumina  became  quite  hot.  We  see  no  modifications  of  structure  in 
the  transmission  curves  which  could  have  been  caused  by  alumina  evapora¬ 
tion,  however  Holland  ^  gives  the  evaporation  temperatures  of  the 
materials  of  interest  as  follows: 

Ni  isin'c 

NiO  1586“C 

Carbon  2681 "C 

Alumina  1781®C 

Both  nickel  and  nickel  oxide  evaporate  at  temperatures  considerably 
below  either  carbon  or  alumina.  The  vacuum  systems  used  for  the  NiO 
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film  depositions  were  available  for  use  by  other  workers  in  the  labora¬ 
tory  which  made  impurity  control  difficult  when  evaporatinj:  a  high 
temperature  material  such  as  NiO.  Again,  we  see  nothing  in  the  spectra 
to  cause  us  to  believe  that  impurities  had  any  optical  effect. 

Figures  3-2.'^  through  .3-30  show  the  transmission  spectra  of  several 
films  made  by  reactive  sputtering.  The  structure  shown  in  Figures  3-23 
through  3-28  looks  quite  similar  to  that  of  the  films  made  by  electron 
beam  evaporation  in  Figures  3-21  and  3-22.  LiF  substrates  appeared  to 
become  colored  when  used  for  sputtering  --  Figure  3-31  shows  the  spectrum 
of  one  substrate  placed  in  the  sputtering  unit  plasma  and  held  at  550®C 
for  one  hour  with  the  target  voltage  set  at  zero.  This  film  looked 
reddish-brown  to  the  eye.  The  absorption  near  5000  angstroms  in  the  film 
grown  on  LiF  at  550®C  shown  in  Figure  3-24  is  probably  due  to  color 
centers  in  the  LiF  since  it  does  not  apnear  in  films  on  other  substrates. 

The  color  center  spectrum  of  LiF  is  apparently  different  depend¬ 
ing  upon  whether  the  I.iF  is  or  is  not  heated  during  snuttering.  The 
transmission  spectra  of  two  films  grown  on  LiF  at  room  temperature 
showed  sharp  absorption  dips  near  2500  angstroms  which  we  again  believe 
to  be  due  to  the  LiF.  These  dips  were  not  present  in  any  of  the  other 
films  including  films  grown  on  LiF  at  550°C  and  the  film  grown  on  CaF., 
at  room  temperature  (Figure  3-23).  This  latter  film  was  made  during  the 
same  sputtering  run  as  the  film  shown  in  Figure  3-20. 

The  electron  diffraction  patterns  of  several  of  the  sputtered 
films  showed  the  Laue  pattern  with  .NiO  spacing.  The  patterns  of  the 
films  in  Figures  3-24,  3-26,  and  3-29  are  shown  in  Figures  2-10,  2-11, 
and  2-9,  respectively.  There  is  a  slight  possibility  that  the  patterns 
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of  the  films  on  LiF  could  be  due  to  the  underlying  substrate  since 
our  measurements  of  lattice  constant  were  not  accurate  enough  to  differ¬ 
entiate  between  LiF  and  NiO.  We  consider  this  unlikely,  since  in  all 
our  work  on  films  we  have  never  had  reason  to  believe  that  any  electron 
diffraction  patterns  were  due  to  the  substrates  rather  than  the  films. 

Our  lattice  constant  measurements  were  generally  on  the  high  side  of 
NiO  which  is  in  the  wrong  direction  to  be  either  LiF  or  Ni.  The  elec¬ 
tron  diffraction  pattern  of  the  film  in  Figure  3-26  on  CaF2  shown  in 
Figure  2-11  could  not  be  due  to  the  substrate  since  the  CaF2  lattice 
constant  is  quite  different  from  that  of  NiO. 

The  films  in  Figures  3-23,  3-24,3-25,  3-26,  3-29,  and  3-30  were 
all  grown  in  20%  O2  and  80%  A  mixtures  at  '^,9  microns.  We  grew  two 
films  on  quartz  in  a  10%  O2  and  90%  A  mixture.  These  films  appeared  to 
be  more  transparent  at  long  wavelengths  and  have  sharper  absorption  edges 
than  the  other  films,  In  particular  a  comparison  of  the  two  films  on 
quartz  shown  in  Figures  3-25  and  3-27  shows  that  the  film  in  Figure  3-27 
is  more  transparent  at  long  wavelengths  and  more  absorbing  at  short  wave¬ 
lengths  than  the  film  in  Figure  3-25.  These  results  indicate  that  films 
sputtered  in  10%  O2,  90%  A, -may  be  more  stoichiometric  than  films  grown 
in  20%  O2  and  80%  A. 

Some  of  the  films  grown  on  quartz  both  by  sputtering  and  by  elec¬ 
tron  beam  evaporation  have  absorption  edges  which  start  at  somewhat 
longer  wavelengths  than  those  on  the  other  substrate  materials.  This 
can  be  seen  by  comparing  the  spectra  of  Figures  3-21,  3-27,  and  3-28 
with  those  of  Figures  3-22,  3-26,  3-14,  and  3-17.  Figures  3-25  and 
3-26,  however  appear  to  have  edges  beginning  at  almost  the  same 
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wavelength.  The  variations  are  probably  due  to  varying  amount  of 
stress  and  crystalline  order  in  the  films. 

The  fact  that  the  structure  of  the  sputtered  films  is  essentially 
identical  with  the  structure  of  the  films  grown  by  electron  beam  evapora¬ 
tion  is  an  indication  that  the  optical  properties  are  probably  not 
being  affected  by  impurities  introduced  during  film  deposition.  One  would 
not  expect  the  same  impurities  to  be  introduced  into  films  made  by  the 
two  different  processes. 

C.  Low  Temperature  Measurements 

Two  films  were  scanned  at  liquid  nitrogen  temperature  using  the 
Cary  14.  The  samples  were  attached  to  the  cold  finger  of  a  vacuum 
dewar  using  teflon  clips  and  a  room  temperature  scan  was  made.  The 
vacuum  chamber  of  the  dewar  was  then  evacuated  and  the  dewar  filled 
with  liquid  nitrogen.  About  an  hour  was  allowed  for  equilibrium  to 
be  attained  and  then  a  second  optical  scan  was  made.  The  contact  between 
the  cold  finger  and  the  sample  was  maintained  by  the  pressure  of  the 
teflon  clips.  The  temperature  of  the  sample  was  not  measured  in  any  of 
the  runs.  Scans  of  one  of  the  films  were  repeated  several  months 
following  the  first  scans.  In  this  repeat  measurement,  the  results 
were  essentially  the  same  as  those  of  the  first.  In  the  last  measurements, 
a  third  scan  was  made  when  the  sample  had  returned  to  room  temperature 
to  check  for  hysteresis. 

Both  samples  showed  a  shift  of  the  absorption  edge  to  higher 
energies  at  liquid  nitrogen  temperature.  Figure  3-32  shows  the  room 
temperature  and  liquid  nitrogen  results  for  the  film  of  Figure  3-27 
which  was  grown  on  quartz  by  sputtering.  The  edge  is  shifted  by 
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approximately  62  angstroms  which  is  .065  electron  volts.  No  additional 
structure  was  observed  in  the  film  at  low  temperature.  A  second  room 
temperature  scan  to  check  for  hysteresis  was  not  made.  Figure  3-33  shows 
the  room  temperature  and  liquid  nitrogen  results  for  the  film  of  Figure 
3-14  grown  on  CaF2  using  the  electron  beam  gun.  The  edge  is  shifted 
about  90  angstroms  or  .094  electron  volts.  This  film  has  an  additional 
bump  near  3500  angstroms  which  could  be  due  to  structure  or  interference  -- 
it  is  difficult  to  tell  which.  A  check  for  hysteresis  was  not  made  in 
the  measurement  of  Figure  3-33.  Another  measurement  of  the  temperature 
shift  of  the  edge  in  the  film  of  Figures  3-14  and  3-33  was  made  several 
months  later.  In  this  measurement  a  room  temperature  scan  was  made 
before  and  after  the  scan  at  liquid  nitrogen  temperature.  Figure  3-34 
shows  the  results.  Measurements  were  made  using  two  different  light 
sources  referred  to  as  the  visible  source  and  u.v.  source  in  Figure 
3-34.  In  the  room  temperature  scan  made  after  the  liquid  nitrogen  scan, 
the  edge  appears  to  be  'v-lO  angstroms  higher  in  wavelength.  It  is, 
however,  unlikely  that  this  is  hysteresis  --  it  is  probably  due  to  a 
small  shift  in  the  sample  position  in  the  light  beam  during  the  various 
runs.  Figure  3-35  shows  the  results  from  the  measurements  made  in 
Figures  3-32  and  3-33  on  an  expanded  scale.  Three  scars  of  the  edge  of 
the  film  on  CaF^  near  3400  angstroms  are  shown.  These  were  taken  during 
the  same  low  temperature  run  (that  of  Figure  3-33)  but  were  made  using 
different  lamps  and  screen  arrange:nents.  The  same  lamp  and  screen 
arrangement  was  used  for  the  two  curves  compo'^ing  each  pair  in  Figure  3-34, 


*  The  measurement  was  performed  by  Dr.  Peter  Melz. 
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of  course.  The  good  agreement  between  the  results  of  Figure  3-34  ani 
those  of  I'ipures  3-33  and  3-35  for  the  film  on  CaF-,  leads  one  to  believe 
that  ti.e  experimental  errors  in  measuring  the  temperature  shift  are 
probatily  small.  Shifts  of  the  sample  in  the  beam  as  the  dewar  is 
cooleci  and  reheated  can  cause  errors  by  shifting  the  light  beam  onto 
either  a  thinner  or  thicker  area  of  the  film  or  onto  more  or  fewer 
pinholes.  It  should  be  remembered  that  our  results  are  based  on  only 
two  films  and  that  only  one  measurement  of  the  temperature  shift  was 
made  on  one  of  these.  The  films  have  the  following  temperature  coeffi¬ 
cients  ; 


dF. 

Fi Im  on  quartz  , 

..  .,  S  =  .  ">  0  . 

dT 

eV/o^ 

dF. 

Fi  Im  on  CaF., , 

_ S  =-42' 

dT 

10'^ 

eV/o 

The  disagreement  between  the  two  results  is  probably  due  to 
different  stresses  in  the  film  resulting  from  the  fact  that  they  are 
on  different  substrates. 

D.  Reflectivity  Measurements 

Figure  3-36  shows  the  reflectivity  of  three  different  films  of 
N'iO  grown  on  VgO  substrates  by  vapor  deposition.  The  data  were  taken  on 
the  Jarrell  Ash  instrument  described  in  References  1  and  2,  The  measure¬ 
ments  give  relative  values  of  the  reflectivity  only,  as  we  did  not  in¬ 
vestigate  or  attempt  to  correct  for  effects  due  to  interchanging  mirrors 
or  rotating  the  phototube.  As  indicated  in  Reference  2,  errors  from  the 
mirrors  or  phototube  can,  in  addition  to  affecting  the  reflectivity 
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magnitude,  distort  the  spectra  somewhat  and  can  cause  shifts  of  peaks 
from  their  true  values.  The  errors  are  almost  certainly  largest  at 
short  wavelengths. 

The  reflectivity  spectra  of  Figure  3-36  all  show  a  fairly  sharp 
peak  at  3100  angstroms.  This  peak  has  previously  been  seen  by  Newman 
and  Chrenko  (Reference  3)  in  both  films  and  bulk  samples.  The  struc¬ 
ture  in  reflectivity  is  probably  the  cause  of  the  minimum  in  transmission 
seen  in  the  two  thin  films  of  Figure  3-13.  The  reflectivity  measure¬ 
ments  also  showed  small  structure  near  3900  angstroms  and  a  sharp  break 
near  2350  angstroms.  The  latter  structure  could  be  due  to  the  equipment 
although  the  bump  near  3900  angstroms  does  correspond  to  structure  in 
the  transmission  (see  Figure  3-5).  The  values  near  2000  angstroms  are 
undoubtedly  affected  by  scattered  light  in  the  Jarrell  Ash  instrument. 

Figure  3-37  shows  the  reflectivity  of  one  NiO  film  on  MgO  measured 
with  the  McPherson  Model  225  vacuum  ultraviolet  spectrometer  (see  Figure 
3-1).  In  contrast  to  the  Jarrell  Ash  equipment  described  in  References 
1  and  2,  this  equipment  does  not  require  the  reflected  beam  and  beam 
to  strike  different  mirrors,  thus  eliminating  one  source  of  error.  The 
largest  source  of  error,  as  in  the  case  of  the  Jarrell  Ash  system,  is 
due  to  the  fact  that  the  reflected  beam  is  reversed  from  the  beam, 
causing  the  reflected  beam  intensity  to  be  spread  over  the  light  detection 
surface  in  a  different  way  from  th?  beam.  Since  in  the  optics  used 
with  the  McPherson  instruments,  the  be.'.m  strikes  the  sodium  salycilate 
coated  microscope  slide  in  front  of  the  phot  itube  at  near  lormal  inci¬ 
dence,  the  intensity  of  the  beam  is  spread  more  uniformly  across  the 
light  detecting  surface  than  is  the  case  with  the  Jarrell  Ash  system. 
Errors  caused  by  the  reversed  beam  image  can  still  exist,  but  they 
should  be  smaller  with  the  McPherson  optics  design.  Scattered  light 
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in  the  McPherson  at  short  wavelengths  less  than  '\-2300  angstroms 
should  be  considerably  less  than  in  the  Jarrell  Ash  equipment. 

The  film  in  Figure  3-37  shows  a  peak  in  reflectivity  at  2100 
angstroms.  The  reflectivity  of  a  bulk  sample  in  the  ultraviolet 
(measured  with  the  McPherson)  is  shown  in  Figure  3-38.  The  spectrum 
shown  in  the  upper  part  of  Figure  3-38  was  taken  after  the  sample 
surface  was  polished  but  before  any  attempt  to  etch  it.  The  spectrum 
in  the  bottom  part  of  Figure  3-38  was  taken  after  the  sample  was 
polished  and  etched  for  twenty  minutes  in  IICl  diluted  with  water  to 
half  strength.  Both  spectra  show  structure  near  2000  angstroms.  The 
structure  in  the  bulk  sample  rcfle^liv ilies  is  not  as  sharp  as  that  in 
the  film,  probably  because  the  polished  sample  surface  is  not  of  as 
high  a  crystalline  quality  as  the  film  surface.  The  structure  in  the 
bulk  is  sufficiently  similar  to  that  in  the  film  to  indicate  that 
structure  is  present  at  2000  angstroms  -  2100  angstroms.  The  spectrum 
of  the  film  differs  enough  from  that  of  the  bulk  to  indicate  that  the 
structure  is  probably  really  in  the  samples  and  not  an  anomaly  of  the 
optical  equipment.  Figure  5-39  shows  the  spectrum  of  the  same  bulk  sample 
over  the  wavelength  range  1250  to  6000  angstroms  measured  on  the  McPher¬ 
son*.  Measurements  using  several  filters  are  shown.  The  agreement 
between  these  measurements  as  well  as  the  agijement  in  structure  with 
the  measurements  in  Figures  3-36,  3-57,  and  3-38  is  quite  good. 

Figure  3-40  shows  the  average  of  the  various  measurements  of 
Figure  3-39.  The  values  of  Figure  3-40  were  used  in  a  Kramers  Kronig 
analysis  (discussed  in  the  Appendix)  to  derive  the  absorption  constant. 
Figure  3-40  shows  the  results  of  the  bulk  sample  (Figure  3-39) 


This  measurement  was  performed  by  Fred  Kahn. 
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and  the  results  of  the  film  of  Figure  3-37  near  2000  angstroms.  The 
film  results  which  had  sharper  structure  near  2000  angstroms  were 
adjusted  to  agree  with  the  bulk  at  '^-ISOO  angstroms  and  '^2500  angstroms. 

A  Kramers  Kronig  analysis  was  made  of  both  the  bulk  results  and  the 
bulk  results  modified  to  agree  with  the  film  results  between  1800  and 
2500  angstroms.  The  absorption  constants  derived  from  the  Kramers  Kronig 
analysis  are  shown  in  Figures  3-41  and  3-42.  The  absorption  constant 
is  shown  for  three  extrapolation  parameters  P  =  2,  3,  and  4  (see  the 
Appendix  )  to  indicate  the  sensitivity  to  the  extrapolation  at  high 
energy.  The  general  shape  of  the  absorption  constant  appears  to  be 
consistent  with  the  film  transmission  results  although  the  Kramers 
Kronig  results  show  a  peak  in  the  absorption  constant  at  a  somewhat 
longer  wavelength  than  the  minimum  in  the  transmision  of  the  films. 

This  is  probably  because  the  crystallinity  of  the  polished  bulk  surface 
is  not  particularly  good.  Also,  the  quality  of  the  films  is  undoubt¬ 
edly  not  perfect.  We  did  not  attempt  to  determine  the  accuracy  of  the 
absolute  magnitude  of  the  reflectivity  measurements  made  on  the  Mc¬ 
Pherson  by  rotating  the  phototube,  etc.  We  were  mainly  interested  in 
determining  the  shape  of  the  absorption  constant  as  a  function  of  wave¬ 
length  rather  than  the  absolute  magnitude.  The  structure  and  shape 
of  the  spectrum  used  in  the  Kramers  Kronig  analysis  (Figure  3-40) 
does  appear  to  agree  well  with  the  shape  of  the  other  spectra  measured-- 
the  results  near  2000  angstroms  in  Figure  3-36  do  not  appear  to  agree 
^ut  this  is  iindoul  tedly  due  to  scattered  light  in  the  Jarrell-Ash 
equipment.  The  reflectivities  used  in  the  Kramers  Kronig  analysis 
were  all  measured  on  the  McPherson  between  1250  angstroms  and  6000 
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angstroms  and  should  thus  give  the  correct  shape  in  this  region.  At 
wavelengths  shorter  than  1250  angstroms  the  extrapolations  discussed 
above  and  in  the  Appendix  were  used.  At  long  wavelengths  the  reflectivity 
was  assumed  constant  --  the  value  at  6000  angstroms  was  used. 

The  structure  near  2100  angstroms  was  not  reported  by  Newman  and 
Chrenko  (Reference  3)  but  this  could  be  because  they  did  not  take 
measurements  at  small  enough  energy  intervals.  Certainly  additional 
measurements  on  more  samples  using  different  spectrometers  would  be  in 
order  before  the  existence  of  the  structure  is  established  with 
certainty. 

E.  Conclusion 

The  optical  results  discussed  in  this  chapter  indicate  that  nickel 
oxide  films  can  be  made  by  evaporating  nickel  in  an  O2  atmosphere  or 
by  sputtering  nickel  in  an  O2-A  mixture.  We  have  indicated  the  prob¬ 
lems  associated  with  obtaining  accurate  optical  data  from  the  films  -- 
the  most  significant  being  color  centers  and  variations  in  the  absorp¬ 
tion  edge  which  are  apparently  due  to  variations  in  stoichiometry. 

The  effects  of  the  deposition  parameters  on  the  optical  spectra, 
particularly  the  sharpness  of  the  absorption  edge,  have  been  dis¬ 
cussed. 

We  have  presented  transmission  spectra  of  films  grown  by  both 
the  electron  beam  technique  and  by  sputtering  which  appear  to  be 
consistent  w  th  one  another  as  well  as  with  the  spectra  of  films  grown 
or.  MgO  by  vapor  deposition.  Two  of  the  films  have  been  used  to  pro¬ 
vide  information  on  the  shift  of  the  NiO  absorption  edge  with  tempera- 

-4 

ture,  the  results  being  -2.9  and  -4.2*10  eV/o^. 
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Measurements  of  the  reflectivity  of  a  bulk 


sample  and  a  film  on 


MgO  have  provided  strong  evidence  that  additional  structure  is  present 


in  the  NiO  reflectivity  spectrum  near  2000  angstroms.  The  absorption 
constant  derived  from  bulk  reflectivity  measurements  by  a  Kramers 
Kronlg  analysis  has  a  shape  which  agrees  well  qualitatively  with  the 
shape  of  the  transmission  of  the  films. 
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FIG  3-1  OPTICAL  SYSTEM  USED  WITH  THE  MCPHERSON  MODEL 
225  VACUUM  ULTRAVIOLET  SPECTROMETER. 


V  . 


Jev 

3.  4  5  6 
> SWITCH  I 


MARKER 
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FIG.  5-6  TRANSMISSION  SPECTRUM  OF  A  NiO  FILM  GROWN  BY 


VAPOR  DEPOSITION  ON  A  MgO  SUBSTRATE. 
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FIG  3  7  TRANSMISSION  SPECTRUM  OF  A  FILM  GROY^N  ON  LiF 
BY  FLASH  EVAPORATING  NiO  POWDER  IN  AN  O2 
ATMOSPHERE  OF  2  I0'^fnm  Hg. 
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FIG.  3-8  TRANSMISSION  SPECTRUM  OF  A  LiF  SUBSTRATE 
AFTER  BEING  EXPOSED  TO  A  TUNGSTEN  BOAT 
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FIG  3-9  TRANSMISSION  SPECTRA  OF  SEVERAL  FILMS  CROWN  ON  LiF 
BY  FLASH  EVAPORATING  Ni  POWDER  IN  A  VACUUM  OF  - 
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FIG.  3-10  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN 
ON  LiF  BY  FLASH  EVAPORATING  NiO  POWDER 
IN  A  VACUUM  OF  3'10’®  mm  Hg. 
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FIG.  3-11  TRANSMISSION  SPECTRA  OF  SAMPLES  1  THROUGH  3  OF  FIG.  3-9 
AFTER  OXIDATION.  SAMPLE  1  WAS  OXIDIZED  FOR  TWO  HOURS  AT 
550®C  IN  O2  AT  210’^mm  Hg  AND  SAMPLES  2  AND  3  WERE 
OXIDIZED  FOR  THREE  HOURS  AT  300"C  IN  O2  AT  ROOM 
PRESSURE. 
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FIG.  3-12  TRANSMISSION  SPECTRA  SHOWING  COLOR  CENTER  ABSORP¬ 
TION  ENCOUNTERED  WITH  LiF  SUBSTRATES  WHEN  USING 
ELECTRON  BEAM  EVAPORATION. 
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FIG.  3-13  TRANSMISSION  SPECTRA  OF  TWO  FILMS  GROWN  ON 
CoF;  6Y  ELECTRON  BEAM  EVAPORATION  OF  Ni  IN 
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FIG.  3-14  TRANSMISSION  MEASUREMENTS  MADE  BETWEEN  SUCCESSIVE  EVAPORATIONS  ONTO  THE 
SAME  CaF2  SUBSTRATE.  THE  EVAPORATIONS  WERE  MADE  USING  THE  ELECTRON  BEAN 
TO  EVAPORATE  Ni  IN  AN  O2  ATMOSPHERE  OF  1-10'^  mm  Hg. 
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FIG.  3-16  TRANSMISSION  SPECTRUM  OF  THE  NiO  EDGE  OF  THE 

THICKEST  FILM  IN  FIG.  3-14  PLOTTED  ON  AN  EXPANDED 
ENERGY  SCALE. 


TRANSMISSION 


TRANSMISSION  TRANSMISSION 


X(M) 


FIG.  3-18  THE  UPPER  CURVE  SHOWS  THE  TRANSMISSION  OF  A  CaF2 
SUBSTRATE  WHICH  WAS  HEATED  TO  550“C  WHILE  THE 
ELECTRON  BEAM  GUN  WAS  TURNED  ON  THE  Ni  SOURCE 
AT  A  LOW  INTENSITY.  THE  LOWER  CURVE  SHOWS  THE 
TRANSMISSION  OF  THE  SAME  CaFe  AFTER  ANNEALING  IN 
O2  AT  MO“^  mm  Hg  FOR  FIFTEEN  MINUTES. 
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FIG.  3-19  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  CaF2  BY 
ELECTRON  BEAM  EVAPORATION  OF  Ni  IN  A  VACUUM  OF 
3T0~®mm  Hg. 
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FIG.  3-20  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  GLASS 
BY  ELECTRON  BEAN  EVAPORATION  OF  Ni  IN  A  VACUUM 
OF  3*10'®  mm  Hg. 


TRANSMISSION 


TRANSMISSION 


ELECTRON  BEAM 
SUBSTRATE  T:550*C 
"  PRESS.;  O2  HO'^mm  Hg 
-  EVAP.  t  ;  12  MIN. 

oooooooooooooooooooooooooo< 

_  o®  _ 

o 


o 


o 


-  o 

o 

o®Oo® 

o 

I _ \1 _ I _ I _ { _ I _ \ _ I _ I _ \ _ 

X(/X)  .20  .  25  .  30  .35  .40  .45  .  50  .55  .60  .65 

FIG.  3-22  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  B0F2  BY 

ELECTRON  BEAM  EVAPORATION  OF  Ni  IN  AN  O2  ATMOSPHERE  OF 
M0"4mm  Hg. 
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FIG.  3-23  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  CaF2  BY 
SPUTTERING  OF  Ni  IN  A  20%  02  *  80%  A  ATMOSPHERE. 
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FIG  3-24  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  LiF  BY 
SPUTTERING  OF  Ni  IN  A  20%  O2,  80%  A  ATMOSPHERE 
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FIG.  3-25  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  QUARTZ  BY 
SPUTTERING  OF  Ni  IN  A  20%  O9  ,  80%  A  ATMOSPHERE. 
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FIG.  3~26  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  CaF2  BY 
SPUTTERING  OF  Ni  IN  A  20%  02>  80%  A  ATMOSPHERE. 


TRANSMISSION 


FIG.  3-27  TRANSMISSION  SPECTRUM  OF  A  FILM  CROWN  ON  QUARTZ  BY 
SPUTTERING  Ni  IN  A  10%  02,90%  A  ATMOSPHERE- 
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FIG.  3-28  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  QUARTZ  BY 
SPUTTERING  Ni  IN  A  10%  02  ,  90%  A  ATMOSPHERE. 
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FIG.  3-30  TRANSMISSION  SPECTRUM  OF  A  FILM  GROWN  ON  LiF  BY 
SPUTTERING  Ni  IN  A  20%  02.80%  A  ATMOSPHERE. 
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FIG-  3-31  TRANSMISSION  SPECTRUM  OF  A  LiF  SUBSTRATE  PLACED  IN  THE 
SPUTTERING  UNIT  PLASMA  AND  HELD  AT  550*C  FOR  ONE  HOUR 
WITH  THE  TARGET  VOLTAGE  AT  ZERO. 
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FIG.  3-33  TEMPERATURE  SHIFT  OF  ABSORPTION  EDGE  OF  NiO  FILM  GROWN  ON  CaF2 
BY  ELECTRON  BEAM  EVAPORATION  OF  Ni  IN  AN  0;  ATMOSPHERE  OF 
1IO"^mm  Hg. 
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FIG.  3-34  A  SECOND  MEASUREMENT  OF  THE  TEMPERATURE  SHIFT  OF  THE 
FILM  OF  FIGS.  3-14  AND  3-33  INCLUDING  A  CHECK  FOR 
HYSTERESIS. 


TRANSMISSION 


REFLECTIVITY  REFLECTIVITY 


X(M)  .20  .25  .30  .35  .40 


T - 1 - 1 - r 


T - r 


1 - r 


2\- 


o 

o 

O  o 


II/I/6S 


o  o 
o  o 

V 


.1 


J _ I _ I _ I _ L 


o 

o  o 


11/9/65 


11/9 


ft  o 


.20  .25  .30  .35 

X(/ut) 


//- 


.40  .20 


J _ I  I _ 1  I 


.25  .30  .35  .40 

X(ft) 


FI6.  3-36  REFLECTIVITY  SPECTRA  OF  THREE  FILMS  OF  NiO  GROWN  ON  MgO  SUBSTRATES 
BY  VAPOR  DEPOSITION.  THE  MEASUREMENTS  WERE  TAKEN  WITH  THE  JARRELL 
ASH  EOUIPMENT(REF.  1). 
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FIG.  3-37  REFLECTIVITY  SPECTRUM  OF  A  NiO  FILM  GROWN 
ON  A  NgO  SUBSTRATE  BY  VAPOR  DEPOSITION. 
THE  MEASUREMENTS  WERE  MADE  WITH  THE 
MCPHERSON  MODEL  225  VACUUM  ULTRAVIOLET 
SPECTROMETER  (FIG.  3-1). 
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FIG.  3-38  REFLECTIVITY  SPECTRA  OF  BULK  NiO.  THE 
UPPER  CURVE  SHOWS  THE  REFLECTIVITY  OF 
A  POLISHED  SAMPLE  AND  THE  LOWER  CURVE 
THE  REFLECTIVITY  OF  A  POLISHED  AND  ETCHED 
SAMPLE.  THE  MEASUREMENTS  WERE  MADE  WITH 
THE  MCPHERSON  MODEL  225  VACUUM  ULTRA¬ 
VIOLET  SPECTROMETER  (FIG  3-1). 
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FIG.  3-39  REFLECTIVITY  SPECTRUM  OF  BULK  NiO  OVER  THE  WAVE¬ 
LENGTH  RANGE  OF  1250  TO  6000  A.  THE  SAMPLE  IS  THE 
SAME  AS  THAT  OF  FIG.  3-38  AND  THE  SURFACE  IS  THE 
POLISHlD  and  etched  surface  OF  FIG  3-38.  THE 
MEASUREMENTS  WERE  MADE  WITH  THE  MCPHERSON  MODEL 
225  VACUUM  ULTRAVIOLET  SPECTROMETER  (FIG.  3-1). 
DIFFERENT  FILTERS  WERE  USED  IN  DIFFERENT  WAVE¬ 
LENGTH  REGIONS  WITH  OVERLAP  BETWEEN  THE  REGIONS.  A 
SEPARATE  SYMBOL  HAS  BEEN  USED  IN  THE  FIGURE  TO 
DESIGNATE  DATA  OBTAINED  WITH  EACH  FILTER. 
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FIG.  3-40  REFLECTIVITY  DATA  USED  IN  THE  KRAMERS  KRONIG 
ANALYSES  OF  FIGS  3--4I  AND  3-42.  THE  BULK  DATA 
IS  THAT  OBTAINED  BY  DRAWING  A  REASONABLY  SMOOTH 
CURVE  THROUGH  THE  VALUES  PLOTTED  IN  FIG.  3-39.  ALL 
GAPS  IN  DATA  WERE  FILLED  IN  BY  EXTRAPOLATION  TO 
PROVIDE  VALUES  FOR  THE  COMPUTER  PROGRAM  USED  IN 
THE  ANALYSIS,  THE  FILM  DATA  SHOWN  BETWEEN  1800 
AND  2500  A  WAS  OBTAINED  BY  ADJUSTING  THE  VALUES 
OF  FIG.  3-37  TO  AGREE  WITH  THE  BULK  VALUES  AT 
-1800  AND~2500  A. 


FIG.  3-42  THE  ABSORPTION  CONSTANT  OBTAINED  BY  A  KRAMERS  KRONIG 
ANALYSIS  OF  THE  BULK  NiO  REFLECTIVITY  DATA  MODIFIED  TO 
AGREE  WITH  NiO  FILM  RESULTS  BETWEEN  1800  AND  2500  A. 
THE  DATA  USED  ARE  SHOWN  IN  FIG  3-40.  THE  ABSORPTION 
CONSTANT  IS  SHOWN  FOR  THREE  EXTRAPOLATION  PARAMETERS 
P-2,  3,  AND  4  (SEE  APPENDIX  1). 
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Chapter  Four 


CONCLUDING  STATEMENTS  A>D 
SUGGESTED  FURTHER  WORK  ON  NiO 


In  Chapter  One  we  have  given  a  brief  review  of  the  experimental 
work  performed  on  the  transport  and  optical  properties  of  NiO.  The 
early  models  for  the  NiO  transport  were  for  the  most  part  based  on 
the  assumption  of  thermally  activated  hopping  of  holes  where  the 
activation  energy  occurred  in  the  mobility.  The  most  recent  data, 
however,  points  strongly  to  a  model  where  the  activation  energy  is 
due  to  activation  of  carriers  and  the  transport  occurs  in  a  narrow 
band.  It  is  fairly  clear  that  early  transport  data  were  strongly 
affected  by  sample  perfection  and  purity  and  that  many  workers  were 
misled  in  their  interpretations  by  phenomena  such  as  grain  boundary 
effects.  It  is  now  fairly  clear  (Reference  36  in  Chapter  One)  that 
the  transport  in  so-called  pure  NiO  is  determined  by  impurities  and/or 
imperfections  up  to  temperatures  as  high  as  room  temperature.  Adler 
(Reference  47  of  Chapter  One)  suggests  the  possibility  that  all  observed 
transport  data  up  to  this  time  may  be  due  to  impurities  and  intrinsic 
conduction  may  not  as  yet  have  been  observed  in  NiO.  As  possible  evi¬ 
dence  for  this  suggestion  Adler  quotes  the  optical  results  contained 
in  References  39  and  55  of  Chapter  One.  The  optical  results  indicate 
an  energy  gap  of  '^-4  eV  which  is  considerably  higher  than  values  ob¬ 
tained  from  recent  transport  experiments. 

It  appears  from  a  perusal  of  the  transport  results  that  consider¬ 
able  emphasis  should  be  placed  on  the  preparation  of  high  quality 
pure  single  crystals  for  use  in  any  future  transport  experiments  on 
NiO  in  order  to  reduce  the  extraneous  effects. 
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The  optical  results  from  thin  NiO  films  described  in  Chapter 
Three  as  well  as  the  results  of  References  39  and  55  of  Chapter  One 
are  consistent  with  a  model  of  absorption  by  crystal  field  split  3d 
levels  up  to  'V/3.3  eV  (3700  angstroms).  At  ''-3.3  eV  (3700  angstroms) 
the  absorption  of  our  films  increases  rapidly  to  an  apparent  maximum 
at  about  4.8  eV  (2600  angstroms)  and  thai  increases  again  near  5.4  eV 
(2300  angstroms).  The  absorption  constant  derived  from  our  measured 
reflectivity  supports  the  behavior  of  the  absorption  inferred  from 
the  transmission  of  the  NiO  thin  films.  Our  optical  results  all 
indicate  structure  near  the  absorption  edge  either  due  to  two  nearby 
band  transitions  or  a  transition  to  an  exciton  state  followed  by  a 
band  transition  at  a  higher  energy.  One  possibility  is  the  transition 
between  the  oxygen  2p  levels  and  an  exciton  below  the  4s  band  at  about 
4.8  eV  followed  by  a  transition  to  the  4s  band.  Other  possibilities 
also  exist  and  our  results  are  certainly  not  conclusive  as  to  the 
precise  transitions  involved. 

It  would  be  interesting  to  measure  the  NiO  resistivity  and  thermo¬ 
electric  power  versus  temperature  at  various  pressures  and  the  optical 
spectrum  of  NiO  films  as  a  function  of  pressure  to  determine  if  any 
relation  exists  between  the  transport  activation  energy  and  the  optical 
spectrum.  Only  high  quality  NiO  single  crystals  should  be  used  in  the 
transport  measurements  for  the  reasons  discussed  earlier  in  this 
section.  It  would  also  be  interesting  to  compare  the  effect  of  pressure 
on  the  optical  spectrum  of  NiO  with  the  effect  of  pressure  on  the 
optical  spectrum  of  MgO.  The  effect  on  the  MfO  spectrum  should  be 
similar  except  for  the  effects  caused  by  the  presence  of  d  levels 
in  NiO.  Optical  measurements  such  as  those  reported  in  Chapter  Three 
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should  be  extended  into  the  ultraviolet  to  higher  energies.  The 
reflectivity  measurements  can  be  reasonably  easily  extended  although 
some  care  should  be  taken  in  the  choice  of  samples.  NiO  films 
epitaxially  grown  on  MgO  by  vapor  deposition  may  be  the  best  choice 
for  reflectivity  measurements  since  the  sample  surface  probably  is  of 
a  better  quality  than  any  surface  which  can  presently  be  obtained  from 
bulk  samples.  Extending  transmission  measurements  to  higher  energies 
may  be  a  bit  more  difficult  since  the  substrates  become  less  transparent 
in  the  vacuum  ultraviolet  and  have  a  definite  cutoff  at  about  1040 
angstroms  (LiF) .  However,  with  high  quality  l.iF  substrates  it  should 
be  possible  to  make  transmission  measurements  to  1040  angstroms.  Var¬ 
ious  suggestions  for  improving  the  quality  and  purity  of  NiO  thin  films 
were  made  in  Chapter  Two  and  will  not  be  repeated  here. 


Appendix 

KRAMERS  KRONIG  PROGRAM 


A.  Description  of  the  Program 

A  computer  program  was  written  to  analyze  reflectivity  through 
the  use  of  the  Kramers  Kronig  relation  where 


1  ♦  R  -  2  /R  cos  6 


,  2  /R  sin  e 

k  =  - 

1  ♦  R  -  2  /R  cos  e 

4  Ti  k 
a  =  — 

X 

e  (E)=  I  j  [£n  R(E')  -  Hn  R(E)]  (E^  -  E' dE' 

0 

where  n  is  the  index  of  irefraction 

k  is  the  extinction  coefficient 
R  is  the  reflectivity 
a  is  the  absorption  constant 
X  is  the  wavelength 
e  is  the  phase. 

The  computer  program  computes  the  integrand  at  each  discrete 
energy  for  which  measured  reflectivity  data  is  available.  The  integral 
is  then  approximated  by  multiplying  the  average  value  of  the  integrand 
between  each  adjacent  pair  of  energies  by  the  difference  AE  between 
the  energies  and  summing  the  result  (trapezoidal  rule) .  The  integral 
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between  the  two  energies  adjacent  to  the  energy  where  E  ■  E'  is 

taken  as  the  average  of  the  integrand  at  the  two  adjacent  energies  times 

the  energy  difference. 

Above  the  energy  E  where  reflectivity  data  is  not  available 
max  ^  \  p, 

E  ^ 

the  reflectivity  spectrum  is  approximated  by  g--  where 

is  the  value  of  reflectivity  at  and  P  is  an  adjustable  parameter. 

The  integration  of  the  phase  integral  from  to  “  is 

2n+l 

E _ 

E 

max 

J 

The  sum  is  computed  to  50  terms  in  the  program. 

The  usual  procedure  is  to  adjust  P  to  give  values  of  k  which 
agree  with  the  values  obtained  by  transmission  in  the  region  of  low 
absorption. 

A  complete  Fortran  listing  of  the  program  is  given  on  page  A-.6. 

The  input  is  reflectivity  as  a  function  of  either  energy  in  electron 
volts  or  wavelength  in  microns.  The  program  prints  the  following  out 
at  each  data  point ; 

wavelength  in  microns 
energy  in  eV 

reflectivity  as  a  fraction 
absorption  constant  in  inverse  microns 
index  of  refraction  n 
extinction  coefficient  k 


1  ..  R(E) 

“  ^RrE  ) 


I  1(2" 


phase  theta 
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B.  Instructions  for  Preparation  of  Input  to  the  Kramers  Kronig  Analysis 
Program 

All  input  is  in  Format  E  10.5  --  i.e.  each  ten  columns  contain 
one  input  value.  Note  that  if  a  card  contains  only  two  pieces  of  input 
data  there  will  be  no  values  except  in  the  first  twenty  columns. 

Card  1  contains  a  0.  somewhere  in  the  first  10  columns  if  input 
reflectivity  is  a  function  of  energy  and  1.  if  a  function  of  wavelength. 

The  next  set  of  cards  contains  the  reflectivity  values  as  a  function 
of  either  energy  or  wavelength  depending  on  the  value  input  on  card  1. 

Up  to  500  values  of  reflectivity  can  be  input.  Each  card  contains  two 
values.  The  energy  or  wavelength  is  in  the  first  field  of  iO  columns 
and  the  reflectivity  in  the  second.  The  energy  is  in  electron  volts 
and  wavelength  in  microns.  Reflectivity  is  input  as  a  fraction.  The 
cards  must  be  arranged  in  order  of  increasing  energy  or  decreasing 
wavelength.  The  second  card  (first  reflectivity  card)  always  contains 
the  reflectivity  to  be  used  at  0  energy.  A  card  follows  the  last 
card  containing  a  reflectivity  to  designate  the  end  of  reflectivity  data. 
The  first  two  fields  of  this  card  contain  the  value  -1.0. 

The  next  card  contains  a  -1.0  in  the  first  field  of  10  columns. 

The  next  set  of  cards  contains  the  values  of  the  extrapolation  para¬ 
meters  P,  one  per  card  in  the  first  field  of  10  columns.  The  end  of  P 
data  is  designated  by  a  card  containing  the  value  -  10000.  in  the  first 
field.  Up  to  10  P  values  may  be  input  for  one  problem. 
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Sample 

Computer  Card 

Column  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20 

Card  1  contains 
a  1.  to  designate 
reflectivity  is  input 
as  a  function  of  wave-  1  . 

length  (or  a  0.  to  de¬ 
signate  reflectivity 
is  input  as  a  func¬ 
tion  of  energy) . 


Card  2  contains  the 
reflectivity  at  0 

energy  (infinite  C  .  .3 

wavelength)  in  the 
second  10  columns . 

The  value  in  the 
first  10  columns 
is  inconsequential. 


The  next  set  1  ,  ,3 

of  cards  con¬ 
tains  the  wave¬ 
length  in  mi¬ 
crons  (or  en¬ 
ergy  in  elec¬ 
tron  volts)  .5  .4 

in  the  first 
10  columns 
with  the 
correspond¬ 
ing  reflect-  .3  .5 

ivity  in  the 
second  10 
columns. 

The  cards 
are  arrang¬ 
ed  in  order  .2  .4 

of  decreas¬ 
ing  wave¬ 
length  (or 
increasing 
energy) 

500  data 
points  are 
allowed. 


.  1  3 


.  3  5 
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1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20 

These  two 

cards  always  _  j 

follow  the  "  "  ^  • 

cards  con-  .  j 

taining  re¬ 
flectivities. 


The  next 
cards  con¬ 
tain  the 
P  values. 
10  values 
are  al¬ 
lowed 


4  . 

This  card 
follows  the 
cards  con¬ 
taining  the 
P  values. 


10000. 
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CIMENSICN  fc(5Cl).  R(50U.  THl(2l),  P(ll).  YKSOT), 
1THA(50C)*  CN(50C)t  OK(5CC).  ALF  (  500 )  •  ( 500  ) 

READ  (5.1)  01 

1  FORMAT  (E10.5) 

READ  ( 5.2  )  k( 1)«R(1) 

2  FORMAT  (  i£lC.5  ) 

CO  3  I*;.  5  Cl 

READ  (5.5)  L  (  I  )  .  R  ( I  ) 

5  FORMAT  ( iElC.S) 

11=  I-l 

IF  (  t;(  1 )  .kU.-l.  )  GO  TO  7 
IF  (Cl.EC.l.)  E(I)  =  1.23<;A6/E  (1  ) 

3  CUIVTINUE 

7  RMAX  =  R( 1 1  ) 

EMAX  =  E(  II  ) 

E( 1  )  =C. 

12  =11-1 

CO  1  =  1.21 

REAL  ( 5. E  )  ThI  (  I  ) 

£  FORMAT  (EIO.5) 

IF  (  TFK  1  )  .EU.-l.  )  GO  TC  1C 
THIMX  =  TFI (  I  ) 

5  CONTINCE 
1C  CO  12  1  =  1.11 

READ  (5.11)  P(  1  ) 

11  FORMAT  (E1C.5) 

IF  (P( I )  .EC.  -ICOCC.  )  GO  TC  n 
PM  AX  »  P( I ) 

CONTINUE 
li  IJ  =  C 
lA  13  =13  ♦! 

MR  I T  E  (6.15)  P ( I  3  ) 

15  format  (IHI,  5H  P  =  .  1PE15.4///) 

MR  ITE  (6.16  ) 

16  FORMAT  (IF  .  1 5H  MAVELENGTH  .15H  ENERGY  , 

115F  REFLECTIVITY  .15H  ALPHA  .15H  N  , 

215F  K  .15H  THE lA  //) 

LINES  =  C 
CO  42  J=2. 5CC 
CO  21  1=1. 5CC 

IF( E(  I  )  .EU.  E( J  )  )  GC  TO  1? 

YKI)  =  (ALOG  (R  (  I  )  )-ALGG(R(  J)  ) ) /(E  (  J)  ♦*2-E(  I )  **2) 

GO  TO  IS 

17  YKI)  =  .5*(  (ALOG(K  (  I-l?  )-ALCG(R  (  J)  )  )/(E(  J)  ♦♦2-E(  I-l  )**2  ) 
14(AL0G(R( !♦!) )-ALOG(R( J) ) ) / ( E ( J)  **2- E ( I ♦ 1 ) ♦♦2 ) ) 

21  =  Y1(  J) 

IS  IF  (  l.EO.I 1 )  GO  TO  2  3 

21  CONTINUE 

22  CO  25  1=1. 5CC 

Y1(I)»(Y1(I)*Y1(I*1))*(E(K1)-E(I))*,5 
IF  (  l.EO.I  2  )  GO  TO  2  7 


?t  CUNT  ?NLt 
2  7  I»-A(j)  =  C. 

YU j-i)»/i*(e(ji  -  e( j-i)» 

YU  J  »  =  21*(E(  J+1  »  -  F  (  JM 


LU  2<;  1  =  1, 5CC 

ThA(J)  =  TFA(  Jl^VK  I  l^fc  (  J)/3.Ulfc 
IF  (  l.tO.U  1  GO  TO  31 
?S  CONTINCF 

31  V=AdS( EMAX-t ( J n 

TFA(  J)  =IFA(  J)*(  l./t.2tj2»'-ALCG(«(  Jl  /R^'AX^ 
i*ALUG(  (EFAX-itlJ  )  »/y  ) 

Z=C. 

32  CC  33  1=1, 5C 
2=Z*1. 

IHA(J)=TFA(J»*(P(I3)*((2.*Z-1.)**(-2))*(E(J»/LKAX»**(2*1-1»)/ 

13.1A16 

33  CONTINLE 

CN( J  )  =  ( l.-F ( J ) )/( l.*K ( SwHT (k ( J ) ) *CCS (ThA(J) n 
UK( J )=( 2.*SCkT(R ( J) )*SIN(THA( J)) »/(l,*B( j) -2o*SCPT(R( J» )♦ 
ICObC  THAI  jn ) 
h( J  I  =  1.23SA6/E (J) 

ALF(J)  =  A.*i.lAU*UK(J) /VU  J) 

L INES  =  I INbi  ♦  2 

k«RITb(6,35)  k(J),  E(J),  R(jl,  ALF(J),  CMJ), 

1GK( J  ),TFA( J) 

35  FORMAT!  IFO,  IP  7E  1  5.  A  ) 

IF  (LINES.lt. 20  GO  TO  Al 
RK  ITE  (F,37)  P(  13) 

37  FURMAT(1H,5F  P  =  ,1PF15.A///) 

RRITE  (6,3S) 

3S  FURMATCIF  ,15H  FAVELFNoTH  ,15H  ENERGY  , 

115F  reflectivity  , 1 5H  ALPHA  ,15H  N  , 

215F  K  ,15h  theta  //) 

LINES*C 

Al  IF  (J.EU.I2)  GO  TO  A3 
A2  CONTINUE 

43  IF  (P(  13  I.LG.PMAX)  GC  TO  Ab 
GO  TO  lA 
At  RETURN 
END 
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IS  ABSTR  AC  T 


In  this  report,  several  methods  for  producing  nickel  oxide  films  for  use  in 
optical  experiments  are  discussed  including  an  indication  of  the  significant  problems 
encountered  with  each  method.  Electron  reflection  diffraction  measurements  indi¬ 
cate  that  films  grown  by  electron  beam  evaporation  of  nickel  in  an  oxygen 
atmosphere  and  by  reactive  sputtering  on  CaF2  and  LiF  have  at  least  some  degree 
of  crystalline  order.  Transmission  spectra  between  2000  angstroms  and  6000 
angstroms  are  presented  for  films  grown  by  both  electron  beam  evaporation  and 
reactive  sputtering.  The  spectra  appear  to  be  consistent  with  one  another  as  well 
as  with  the  spectra  of  epitaxial  NiO  films  grown  on  MgO  by  vapor  deposition.  The 
spectra  are,  however,  at  least  in  some  cases,  distorted  by  color  centers  intro¬ 
duced  in  the  substrate  during  film  deposition.  Two  films  have  been  used  to  provide 
information  on  the  shift  of  the  NiO  absorption  edge  with  temperature,  the  results 
being  -2.  9  10"^  eV/°C  and  -4.  2.  10”’  eV/°C  respectively.  A  Kramers  Kronig 
analysis  of  the  reflectivity  of  bulk  NiO  has  been  made  and  shows  that  the  absorption 
constant  derived  from  the  reflectivity  data. 
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